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Abstract

A mutation in the COORF72 gene is the most common genetic cause of the
devastating disorders amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD). Currently, no effective treatments for these disorders exist. The
C90RF72 mutation results in the production of neurotoxic dipeptide repeat proteins
(DPRs). Modifier and interactome studies suggest that DPRs affect
nucleocytoplasmic transport. Altered nucleocytoplasmic transport may contribute to
disease pathology as this vital mechanism is the main route of information exchange
between the cytoplasmic and nuclear compartments. Smaller molecules can
passively diffuse through the nuclear pore, the protein complex through which
transport occurs. Conversely, larger molecules need to be actively transported by
receptors. We aimed to specifically study passive nucleocytoplasmic transport in the
context of C9ORF72 ALS/FTD as this yields information about nuclear pore integrity
and function. In addition, passive diffusion is thought to be the main route of nuclear
export of key ALS/FTD proteins TDP43 and FUS. An assay was optimised to
specifically investigate passive nucleocytoplasmic transport monitoring inert
fluorescent cargo of different sizes using live confocal microscopy. The influence of
C90RF72 DPRs on passive nuclear import of reporter cargo and on passive export
of TDP43 and other nuclear proteins was studied using this assay in HelLa cells.
Arginine containing DPRs were shown to enhance passive nuclear translocation of
reporter cargo and passive nuclear export of TDP43 and other nuclear proteins. To
study potential mechanisms of action of arginine containing DPRs the localisation of
various transport receptors upon DPR treatment was studied using
immunofluorescence. Levels of import receptors, nucleoporins and Ran regulating
factors were reduced within the nucleus and the nuclear pore in the presence of
arginine containing DPRs. This might contribute to the enhancement of passive
nucleocytoplasmic transport. Findings of increased passive nucleocytoplasmic
transport could be recapitulated in COORF72 ALS iPSC-derived neurons highlighting
the disease relevance of this result. A trend of nucleocytoplasmic transport factor
mislocalisation was also observed in COORF72 ALS iPSC-derived neurons. In this
PhD project a potential pathology mechanism of C9ORF72 arginine containing DPRs
was characterised which might contribute to cytoplasmic TDP43 mislocalisation, a
pathological hallmark of ALS/FTD.
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1 Introduction

1.1 Characteristics of frontotemporal dementia and amyotrophic lateral

sclerosis
Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are both
devastating neurodegenerative diseases for which no effective treatment exists to
date. FTD describes a group of disorders characterised by degeneration of the
frontal and/or temporal lobes of the brain (Warren et al., 2013). It is the second most
common neurodegenerative dementia after Alzheimer’s disease in persons under 65
years (Hogan et al., 2016) and has a prevalence of about 11 cases per 100,000
individuals (Coyle-Gilchrist et al., 2016) which is likely an underestimate
predominantly due to misdiagnosis (Sivasathiaseelan et al., 2019). In ALS, both
upper motor neurons, projecting from cortex to brainstem and spinal cord, and lower
motor neurons, projecting from brainstem or spinal cord to muscle, degenerate
(Hardiman et al., 2017). ALS has a prevalence of about 5 cases per 100,000
persons in Europe and the United States (Chio et al., 2013; Mehta et al., 2018).
Strikingly, some ALS cases additionally develop FTD (Elamin et al., 2013; Montuschi
et al., 2015; Phukan et al., 2012) and a number of FTD patients also present with
ALS (Burrell et al., 2011; Ringholz et al., 2005).

1.1.1 Clinical features

Frontotemporal dementia typically develops in the 6" decade of life but can develop
anywhere between the 3 to 91" decade (Hodges et al., 2003; Johnson et al., 2005;
Ratnavalli et al., 2002). It can be divided into three variant syndromes depending on
the main manifesting characteristic (Warren et al., 2013; Woollacott and Rohrer,
2016). Behavioural FTD is the most common of these variants (Sivasathiaseelan et
al., 2019). Diagnostic criteria include the following changes in behaviour and
personality (Rascovsky et al., 2011). For instance, patients might have lower social
inhibitions and might show a lack in motivation and proactiveness. Another
characteristic is reduced emotional reactivity including a loss of empathy.
Compulsive behaviour such as hoarding, counting or tidying is also observed.
Patients might change their eating habits and food preferences showing a tendency
to gluttony or developing a sweet tooth. In addition, executive ability can be

decreased while episodic memory and visuospatial skills usually remain unaffected.
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Semantic variant primary progressive aphasia, the second FTD variant, affects
the semantic memory which comprises understanding and recollection of words,
objects and general concepts (Sivasathiaseelan et al., 2019). Patients typically have
limited vocabulary, more and more forgetting the correct term for items. In the
beginning of the disease course, they might still be able to relate the missing word to
a group such as animals but eventually they will just refer to it as “thing”. The
structure and fluency of speech are, at least initially, not affected. Face blindness
and other visual or sensory recognition impairments are further characteristics of
semantic variant primary progressive aphasia. Somatic symptoms including tinnitus
or enhanced sensitivity towards sound or other sensations might also present in
patients (Fletcher et al., 2015a, 2015b; Mahoney et al., 2011; Marshall et al., 2017).
The third group of FTD syndromes, non-fluent-agrammatic variant primary
progressive aphasia, is characterised by problems with speech production and/or
sentence construction (Sivasathiaseelan et al., 2019). Speech errors include
mispronunciation of words, wrong syllable usage, confusion between binary
selections such as “yes/no” (Warren et al., 2016) or grammatic mistakes. Over time,
patients will also make grammatic and orthography errors in their writing (Rohrer et
al., 2010). General intellectual abilities are often not affected in patients. These three
forms will extensively overlap in the course of the disease and patients might also

develop atypical forms of parkinsonism (Sivasathiaseelan et al., 2019).

Amyotrophic lateral sclerosis is characterised by very aggressive disease
progression with a median survival rate of 3 years after development of symptoms.
Death is usually caused by respiratory failure (Masrori and van Damme, 2020). For
sporadic ALS, describing patients without family history of disease, mean age of
onset is 58-63 years while it is 40-60 years for familial ALS (Logroscino et al., 2010).
The main symptom is progressive muscle weakness and loss of muscle mass,
fasciculations (muscle twitching), muscle cramps and stiff muscles also occur
typically. In spinal onset ALS, which comprises about two-thirds of cases, muscle
weakness begins in the limb muscles with distal muscles (muscles further away from
the body centre) more commonly affected than proximal muscles. Bulbar onset
ALS occurring in about one-third of cases starts in bulbar muscles. This is most
commonly characterised by difficulties in pronouncing words (dysarthria) or by

problems with swallowing (dysphagia) and voice hoarseness. Difficulties with mouth
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closing and chewing can also occur. ALS symptoms will often quite rapidly spread to
different muscle groups eventually being fatal (Masrori and van Damme, 2020).

ALS and FTD lie on a spectrum sharing genetic, pathological (see sections 1.1.2 and
1.1.3) and clinical features. 11-13 % of ALS patients are formally diagnosed with
FTD but up to 50 % present with some form of cognitive or behavioural impairment
(Elamin et al., 2013; Montuschi et al., 2015; Phukan et al., 2012). ALS(-FTD)
patients might present with executive dysfunction (Stukovnik et al., 2010), language
deficits (Taylor et al., 2013), problems with social cognition and emotional processing
(Bora, 2017) or behavioural changes (Meier et al., 2010). Strikingly, disease
progression is more rapid in patients with ALS-FTD than in patients with pure ALS or
ALS with other forms of cognitive impairment (Montuschi et al., 2015). About 15 % of
FTD patients also present with ALS, sometimes years after FTD development, and
another 30-40% have some motor impairment (Burrell et al., 2011). Interestingly, in a
cohort of pathologically confirmed FTD-ALS cases only 59 % were clinically
diagnosed of FTD-ALS (Josephs et al., 2006). In addition to co-occurring within a
single patient, in affected families some members might develop ALS while others
might develop FTD (Abramzon et al., 2020) highlighting shared genetic causes
between the two disorders.

1.1.2 Genetics

About 20 % of ALS cases are familial (hereditary) (Hardiman et al., 2017) and 10-15
% of FTD cases show a clear autosomal dominant inheritance pattern (Goldman et
al., 2005; Rohrer et al., 2009) with behavioural FTD being the most heritable FTD
variant and semantic variant primary progressive aphasia the least heritable (Rohrer
et al., 2009). As shown in Figure 1.1 the most common genetic causes of familial
ALS are mutations in C9ORF72, accounting for about 40 % of familial ALS,
Superoxide dismutase 1 (SOD1), responsible for approximately 20 % of familial ALS,
with Fused in sarcoma (FUS) and TARDBP (encoding Transactive response DNA
binding protein 43 or TDP43) each causing about 1-5 % of familial ALS cases (van
Es et al., 2017). Mutations in three genes are responsible for the majority of familial
FTD cases. About 25 % of familial and 5 % of sporadic FTD are caused by a
mutation in CO9ORF72 (Pottier et al., 2016), Progranulin (PGRN) mutations are

responsible for 5-20 % of familial and for 1-5 % of sporadic FTD (Rademakers et al.,
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2012) and mutations in Microtubule binding protein tau (MAPT encoding the Tau
protein) account for 5-40 % of familial FTD cases (Pickering-Brown et al., 2008;
Rademakers et al., 2012; Seelaar et al., 2008). The fact that mutations in the
C90RF72 gene are causative for both ALS and FTD further highlights that the two
disorders also lie on a continuum on the genetic level. The COORF72 mutation will

be further detailed in section 1.3.

Family history
ALS o
® S0D1
TARDBP
FUS
Other/Unk
Apparently
sporadic
95%
Family history
30%
Apparently AP
sporadic S

Other/Unknown

70%

Figure 1.1: Major genetic causes of ALS and FTD (Turner et al., 2017).

PGRN, MAPT and SOD1 mutations

PGRN and MAPT mutations solely cause FTD while SOD1 mutations are only
responsible for the development of ALS. PGRN is a secreted growth factor. It is
expressed by various cell types including neurons and has a neuroprotective
function (Bateman and Bennett, 2009). Mutations in PGRN lead to haploinsufficiency
(Baker et al., 2006; Cruts et al., 2006) meaning pathology is mediated by loss of
function of the PGRN protein.

Tau (encoded by the gene MAPT) functions as a microtubule stabiliser thereby
greatly contributing to the maintenance of neuronal integrity and axonal transport
(Goedert, 2018; Hirokawa, 1994; Mackenzie and Neumann, 2016). There are over
50 MAPT mutations described which are linked to FTD (Katzeff et al., 2022). These
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mutations reduce the binding affinity of tau to microtubules in turn leading to the
formation of hyperphosphorylated tau aggregates (Olszewska et al., 2016).

SOD1 is a copper zinc superoxide dismutase and has a prominent antioxidant
function in the cell (Hemerkova and Vali§, 2021). However, no correlation between
the enzymatic activity of SOD1 and ALS onset or disease progression in patients has
been observed (Cleveland et al., 1995). Mouse models carrying ALS SOD1
mutations show impaired mitochondrial function, SOD1 aggregation, motor neuron
degeneration and paralysis which rather speaks for SOD1 mutations causing
disease via a gain of function effect than via a loss of function effect (Kim et al.,
2020).

FUS and TARDBP mutations

Mutations in FUS or TARDBP mainly cause ALS but can also be responsible for FTD
in rare cases (Huey et al., 2012; Tan et al., 2017; van Langenhove et al., 2010). FUS
functions in DNA repair, has various roles in RNA metabolism and also plays a role
in local translation at synapses (Kim et al., 2020). Many FUS mutations are located
within its nuclear localisation signal resulting in cytoplasmic mislocalisation (Deng et
al., 2014; Dormann et al., 2010; Ito et al., 2011, Lagier-Tourenne et al., 2010). FUS
mutations could therefore lead to disease because of unusual localisation and
aggregation of FUS protein in the cytoplasm or by the absence of FUS protein in the
nucleus and thus resulting in DNA repair, transcription or splicing defects. Probably
both a gain (in the cytoplasm) and loss of function of FUS (in the nucleus) are
relevant in disease as there is reasonable evidence supporting both mechanisms
(Abramzon et al., 2020). For example, mutant FUS directly impaired sShRNP
biogenesis in iPSC-derived motor neurons (Jutzi et al., 2020). On the other hand,
mutant FUS interacted less with core paraspeckle proteins resulting in paraspeckle
dysfunction in a neuroblastoma cell line (An et al., 2019).

TDP43 (encoded by TARDBP) has a range of functions in RNA metabolism ranging
from splicing to stabilisation (Abramzon et al., 2020). It is predominantly nuclear but
shuttles between the nucleus and cytoplasm (Ayala et al., 2008). Most ALS TARDBP
mutations lie in its C-terminal disordered glycine rich region which is responsible for
the recruitment of TDP43 into stress granules and aggregates (Budini et al., 2012,
Freibaum et al., 2010; Prasad et al., 2019). These mutations change the

characteristics of TDP43 protein including increased tendency towards aggregation,
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cytoplasmic mislocalisation, enhanced protein stability, resistance to proteases or
altered interactions with binding partners (Prasad et al., 2019). The most
physiological knock-in mutant TDP43 mouse models exhibit motor
neurodegeneration and enhanced splicing (Fratta et al., 2018) or cognitive
dysfunction and disrupted TDP43 autoregulation (White et al., 2018). Similar to FUS,
TARDBP mutations might lead to disease via a loss of function mechanism because
TDPA43 is absent from the nucleus and does not exert its crucial functions in the
nucleus or via a gain of function mechanism by the formation of toxic cytoplasmic
aggregates. However, the actual toxicity of TDP43 aggregates is still under scrutiny
(Abramzon et al., 2020).

Rare mutations

A large number of mutations causing ALS, FTD and/or ALS/FTD more rarely than
the ones described above have been identified (Kirola et al., 2022). Cellular
pathways implicated by mutations causing ALS/FTD and/or both ALS and FTD
include autophagy affected by mutations in Sequestosome 1 (SQSTM1), Vasolin-
containing protein (VCP), TANK binding kinase 1 (TBK1) or Ubiquilin 2 (UBQLN2),
mitochondrial function impaired by mutations in VCP or Coiled-Coil-Helix-Coiled-
Coil-Helix Domain Containing 10 (CHCHD10), inflammation mediated by mutations
in TBK1, the proteasome affected by mutations in UBQLN2 (Abramzon et al., 2020),
RNA processing impaired by mutations in Matrin 3 (MATR3) (Malik and Barmada,
2021) or endosomal trafficking disrupted by mutations in Charged Multivesicular
Body Protein 2B (CHMP2B) (Waegaert et al., 2020). Mutations in TBK1, CHCHD10
and MATR3 can also cause pure ALS in addition to ALS/FTD (Abramzon et al.,
2020; Malik and Barmada, 2021). Examples of rare mutations resulting in ALS but
not FTD affect autophagy by mutations in Optineurin (OPTN) or Sigma 1 receptor
(SIGMA1R), ER function by mutations in VAMP associated protein B and C (VAPB),
RNA metabolism by mutations in Ataxin 2 (ATXN2), the cytoskeleton by mutations in
Profilin 1 (PFN1) or the proteasome by mutations in SIGMA1R (Hardiman et al.,
2017). Overall, the multitude of genes affected and of cellular pathways implicated

suggest that a vast range of pathology mechanisms are at play in ALS/FTD.
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1.1.3 Neuropathology

Histopathologically, both ALS and FTD are characterised by protein inclusions in
affected regions. Broadly, pathological features of ALS include atrophy of motor
cortex and skeletal muscles, sclerosis of corticospinal and corticobulbar nerve tracts,
degeneration of over 50 % of spinal motor neurons and signs of neuroinflammation
in the spinal cord (Hardiman et al., 2017). Degeneration of frontal and temporal lobes
is a relatively consistent feature in FTD and the term frontotemporal lobar
degeneration (FTLD) is therefore commonly used in a neuropathological context. In
the majority of cases, FTLD can be classified according to the major type of protein
found in inclusions. About 40 % of patients present with FTLD-tau, 5-10 % with
FTLD-FET (including FUS, EWS and TAF15) and about 50 % exhibit FTLD-TDP
(Mackenzie and Neumann, 2016). Strikingly, 97 % of ALS cases show cytoplasmic
inclusions of TDP43 (Ling et al., 2013). Furthermore, SOD1 and FUS inclusions are
detected in ALS patients with SOD1 and FUS mutations, respectively (Saberi et al.,
2015).

ALS-SOD1

SOD1 ALS patients exhibit a greater extent of lower motor neuron degeneration than
upper motor neuron degeneration. Indeed, in patients carrying SOD1 mutations
aggregates containing misfolded SOD1 are detected in spinal cord motor neurons
(lower motor neurons) but are not found in Betz cells (upper motor neurons) in the
motor cortex. TDP43 or FUS aggregates are not observed in these patients but
ubiquitin, phosphorylated neurofilaments and chaperone proteins can be found
within SOD1 inclusions (Saberi et al., 2015). Interestingly, some sporadic ALS
patients also exhibit misfolded SOD1 aggregates (Forsberg et al., 2011, 2010).
Mutant SOD1 has also been shown to impair mitochondrial function and axonal

transport and to cause oxidative stress and ER stress (Hayashi et al., 2016).

FTLD-tau

FTLD-tau can be further classified into subtypes based on neuropathology features
and the main tau isoform present in inclusions. For instance, the tau isoform
containing 3 repeat domains is predominantly found in inclusions of Pick’s disease

and mainly 4 repeat tau is detected in aggregates of progressive supranuclear palsy.
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Hyperphosphorylated tau inclusions are found in neurons or glia cells, the latter
being more or less common depending on the FTLD-tau subtype (Mackenzie and
Neumann, 2016). Inclusions might be nuclear or cytoplasmic and might present as
spherical or globular aggregates or as neurofibrillary tangles. Importantly, the
presence of hyperphosphorylated tau aggregates is not limited to patients harbouring
MAPT mutations but this pathology is present in cortical and subcortical grey and
white matter of all patients with FTLD-tau (Mackenzie and Neumann, 2016). Tau
aggregation seems to be a direct consequence of its hyperphosphorylation which

impairs its binding to microtubules (Panza et al., 2020).

FTLD-FET and ALS-FUS

The FET protein family is comprised of FUS, Ewing’s sarcoma (EWS), and TATA-
binding protein-associated factor 15 (TAF15). These proteins are found in
cytoplasmic inclusions of most FTLD cases which do not contain tau or TDP43
aggregates. Depending on the FTLD subtype different brain regions are affected in
FTLD-FET but often include the frontal and temporal neocortex, the cerebral cortex,
the hippocampus and the striatum. FET inclusions also contain transportin 1, which
imports FET proteins into the nucleus (Mackenzie and Neumann, 2016). Often cells
show a reduction or complete loss of nuclear staining for FET proteins, but nuclear
levels might also be normal in some cells, especially of TAF15 (Neumann et al.,
2011). ALS patients with FUS mutations show typical signs of degeneration for ALS
including of upper and lower motor neurons, corticospinal tracts and motor nerves.
These patients harbour cytoplasmic inclusions of FUS in neurons and in variable
numbers of glia cells. Nuclear FUS is reduced in most but not all cells containing
FUS inclusions (Mackenzie and Neumann, 2017). These inclusions might also
contain proteins of the ubiquitin-proteasome system such as ubiquitin and p62 but
not TDP43, the other members of the FET protein family or transportin 1 (Mackenzie
and Neumann, 2017, 2016).

The mislocalisation of FUS to the cytoplasm occurs via different mechanisms in FTD
and ALS. As mentioned in section 1.1.2 FUS mutations mainly occur with its nuclear
localisation signal weakening the binding to transportin 1 and thus interfering with the
nuclear import of FUS resulting in its cytoplasmic mislocalisation (Dormann et al.,
2010; Neumann et al., 2011). In FTLD-FET FET proteins are hypomethylated at

arginine residues adjacent to the nuclear localisation signal which results in stronger
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binding of FET proteins to transportin 1 likely being the reason for transportin 1's
presence in FET inclusions (Dormann et al., 2012; Suarez-Calvet et al., 2016).
However, this increased interaction with transportin 1 might also be protective but
ultimately does not prevent the cytoplasmic mislocalisation of FET proteins
(Sternburg et al., 2022). Unmethylated FUS also shows a higher tendency to
aggregate in vitro and increased recruitment into stress granules (Hofweber et al.,
2018). In general, cytoplasmic mislocalisation of FUS and its consistent recruitment
into stress granules over a longer period of time due to cellular stress occurring in
disease might lead to its transition into a more solid form which eventually leads to
its aggregation (Sternburg et al., 2022). The reduction of FUS in the nucleus
disrupting RNA processing (Takanashi and Yamaguchi, 2014) and cytoplasmic FUS
impairing translation or mitochondrial function (Birsa et al., 2021; Kamelgarn et al.,
2018; Lépez-Erauskin et al., 2018; Tsai et al., 2020) might eventually result in the

observed neurodegeneration.

FTLD-TDP and ALS-TDP43

As mentioned above cytoplasmic TDP43 inclusions occur in almost all ALS cases
and in about half of FTD cases showing that these two disorders also exhibit great
neuropathological similarities. TDP43 inclusions are enriched for
hyperphosphorylated, ubiquitinated and N-terminally truncated forms of TDP43 (Arai
et al., 2006; Hasegawa et al., 2008; Neumann et al., 2009, 2006). Inclusions often
also contain p62 but other disease-related proteins are absent (Mackenzie and
Neumann, 2016). Importantly, different to FUS, most cells containing TDP43
inclusions exhibit a loss of nuclear TDP43 (Mackenzie and Neumann, 2016; Riku et
al., 2021). FTLD-TDP can be grouped into four subtypes (A, B, C and D) according
to morphological characteristics and cortical laminar distribution of inclusions
(Mackenzie and Neumann, 2016). In ALS, TDP43 inclusions are mainly found in the
motor cortex, spinal cord and in motor neurons in the brainstem but are also
occasionally detected in the prefrontal cortex, hippocampus, temporal lobe and
striatum in post-mortem tissue (Brettschneider et al., 2013; Mackenzie et al., 2007).
TDP43 pathology is commonly found in patients with ALS and or FTD causing
mutations including GRN (Cairns et al., 2007; Mackenzie et al., 2007), C9ORF72
(Hsiung et al., 2012; Mackenzie et al., 2013; Stewart et al., 2012), VCP (Mackenzie
and Neumann, 2016), SQSTM1 (Kovacs et al., 2016), UBQLNZ2 (Deng et al., 2011,
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Fahed et al., 2014), TBK1 (Freischmidt et al., 2015; Gijselinck et al., 2015; Pottier et
al., 2015; van Mossevelde et al., 2016) and OPTN (Pottier et al., 2015).

Multiple mechanisms causing TDP43 to mislocalise to the cytoplasm and to
aggregate have been proposed and they are likely to act in concert with each other
(Tziortzouda et al., 2021). One affected pathway might be autoregulation and
splicing of TDP43. For instance, disturbing TDP43 autoregulation by over-expression
of a cytoplasmic TDP43 isoform or by modifying TDP43 splicing using antisense
oligonucleotides resulted in reduced nuclear TDP43 levels in a human cell line or
iIPSC-derived neurons, respectively (D’Alton et al., 2015; Sugai et al., 2019). This
splicing dysregulation also led to increased insoluble TDP43 levels and to motor
neuron loss in mice (Sugai et al., 2019). The cytoplasmic TDP43 isoform was not
detected in human cortex, however, which raises questions about its disease
relevance (D’Alton et al., 2015). Over-expression of a cytoplasmic short N-terminal
TDP43 isoform, which exhibited impaired autoregulative function for TDP43, resulted
in reduced nuclear and enhanced cytoplasmic TDP43 in a human cell line and was
toxic for rodent neurons. This isoform is also expressed in human spinal neurons
making it more disease relevant even though no difference was observed between
controls and ALS cases (Weskamp et al., 2019). On the other hand, in mutant
TDP43 mouse models showing impaired autoregulation, nuclear TDP43 levels were
increased but no cytoplasmic mislocalisation was observed (Fratta et al., 2018;
White et al., 2018). Enhanced total levels of TDP43 were detected in an FTD patient
brain with a TDP43 mutant and in patient brains with sporadic or C9ORF72 ALS or
FTD (Gitcho et al., 2009; Lee et al., 2019) suggesting that TDP43 autoregulation
could be disturbed in disease.

Another mechanism rendering TDP43 permanently cytoplasmic could be via altering
its tendency to aggregate. In a physiological environment TDP43 can form liquid
droplets and can undergo liquid liquid phase separation, the process of demixing of
two liquid phases (Mann et al., 2019), but mainly exists in a dispersed state (i.e. not
locally concentrated) (Tziortzouda et al., 2021). ALS TDP43 mutations can lead to
these liquid droplets becoming more prone to aggregation (Molliex et al., 2015).
Furthermore, at high concentrations and over time TDP43 first forms liquid droplets
and eventually aggregates in vitro (Babinchak et al., 2019). Stress granules,
membraneless organelles formed upon cellular stress containing RNAs and proteins,

are hypothesised to provide such a concentrated, aggregation promoting
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environment in vitro (Li et al., 2013). However, many studies have shown TDP43
aggregation independent of stress granules and even propose a protective role for
stress granules (Boeynaems and Gitler, 2018; Gasset-Rosa et al., 2019; Hans et al.,
2020; Mann et al., 2019; McGurk et al., 2018; Zhang et al., 2020). On the other
hand, incomplete dissolution or persistent or repetitive formation of stress granules
have been demonstrated to cause TDP43 aggregation (P. Zhang et al., 2019).
Phosphorylation of TDP43, hyperexcitability and neuronal injury are other factors
shown to contribute to TDP43 aggregation or cytoplasmic mislocalisation (Goh et al.,
2018; Moisse et al., 2009; Sato et al., 2009; Weskamp et al., 2019). Thus, it is still
not clear what exactly causes TDP43 aggregation in ALS/FTD patients. Another
mechanism leading to cytoplasmic TDP43 mislocalisation might be disturbed protein
transport between the nucleus and cytoplasm which will be further investigated and
discussed throughout this thesis.

What is the consequence of the loss of nuclear TDP43 and of the presence of
cytoplasmic TDP43 aggregates? TDP43 knockout is embryonically lethal in mice
(Kraemer et al., 2010) and conditional knockout in motor neurons results in a motor
phenotype in mice (Iguchi et al., 2013; Wu et al., 2012). Depletion of TDP43 in
mouse embryonic stem cells has been shown to lead to the inclusion of cryptic
exons, a coding sequence within precursor mMRNA usually not incorporated into
mature mMRNA, into MRNAs which impairs their translation and promotes their
degradation (Ling et al., 2015). TDP43 knock down in a neuroblastoma cell line and
in human embryonic stem cell derived motor neurons led to a reduction of stathmin 2
(STMNZ2), a microtubule binding protein involved in neuronal growth and
maintenance, caused by altered splicing and polyadenylation. Decreased STMN2
levels have also been detected in ALS patient spinal cord and motor cortex (Klim et
al., 2019; Melamed et al., 2019). Thus, loss of TDP43 leads to impairments of
neuronal function.

As mentioned in section 1.1.2 studies regarding the toxicity of cytoplasmic TDP43
aggregates yield conflicting results. A mouse model pan-neuronally over-expressing
TDP43 shows cytoplasmic TDP43 aggregates, motor dysfunction and severe toxicity
leading to premature death (Becker et al., 2017). Over expression of TDP43 in
mammalian cell lines, however, leads to cytotoxicity but TDP43 localisation was
mostly nuclear (Watanabe et al., 2013; Yamashita et al., 2014). Furthermore, in rat

primary neurons the formation of TDP43 inclusions was found to be unrelated to
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cytotoxicity (Barmada et al., 2010). On the other hand, direct transfection of TDP43
aggregates purified from E. coli led to cell death without nuclear depletion of
endogenous TDP43 in human and murine neuronal-like cell lines (Capitini et al.,
2014; Cascella et al., 2016). In addition, light-induced aggregation of an engineered
disordered TDP43 region is neurotoxic (Mann et al., 2019). TDP43 aggregates in
patient tissue also contain C-terminal fragments of TDP43 of a size of 25 and 35 kDa
(Neumann et al., 2006). Overexpression of these C-terminal fragments in cells
caused these fragments to form cytoplasmic aggregates and led to cellular toxicity in
a number of studies (Hergesheimer et al., 2019). In summary, even though the
contribution of cytoplasmic TDP43 aggregates to ALS/FTD pathology has not been
fully proven, cytoplasmic mislocalisation of TDP43 is clearly disadvantageous to the

cell.

FTLD-UPS

Only in a small minority of FTLD cases inclusions containing proteins of the ubiquitin
proteasome system (UPS) but not any other proteins are found (Mackenzie and
Neumann, 2016). Cases with mutations in CHMP2B usually present with neuronal
cytoplasmic inclusions mostly in the hippocampus with inclusions containing p62 and
ubiquitin but not tau, TDP43 or FUS (Holm et al., 2009, 2007). CHMP2B mutation
patient brains also show autofluorescent aggregates due to lysosomal storage

pathology (Clayton et al., 2015).

1.2 Available treatment options

Currently no cure for ALS or FTD exists. In most European countries only one drug
slowing ALS disease progression is available, named riluzole (Masrori and van
Damme, 2020). The exact mechanism of action of riluzole is unclear but it likely
reduces neurotransmitter release at the presynapse and inhibits persistent sodium
currents and repetitive firing (Bellingham, 2011). Oral riluzole treatment extends
mean patient survival by 3-6 months (Bensimon et al., 1994; Hinchcliffe and Smith,
2017; Lacomblez et al., 1996). Data from patient databases indicates increased
survival by 6-21 months (Hinchcliffe and Smith, 2017; Miller et al., 2009). A different
ALS drug edaravone is approved for ALS treatment in the United States, Canada,

Japan, South Korea and Switzerland but not in the European Union (Masrori and van
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Damme, 2020). Edaravone is a free radical scavenger and has been shown to
reduce oxidative stress in ALS animal models (Kawai et al., 1997; Watanabe et al.,
1994). In a clinical trial no benefits of intravenous edaravone treatment compared to
placebo were detected, initially (Abe et al., 2014). However, in a post-hoc analysis a
distinct patient subgroup with characteristics such as maximum disease duration of 2
years and preserved respiratory function which might benefit from edaravone
treatment was identified. A phase 3 clinical trial with this patient population showed
30 % slower disease progression after 24 weeks in patients treated with edaravone
compared to patients treated with placebo (Abe et al., 2017). This study received
criticism about its short duration, small number of participants, patient selection and
missing survival data (Al-Chalabi et al., 2017). A recent post-marketing study of real-
life use showed that disease progression did not differ between patients treated with
edaravone and patients treated with riluzole (Witzel et al., 2022). A third potential
ALS drug, masitinib, is an inhibitor of the tyrosine kinase c-KIT (Dubreuil et al.,
2009). It has been shown to reduce neuroinflammation in ALS mutant SOD1 animal
models (Harrison and Rafuse, 2020; Kovacs et al., 2021; Trias et al., 2020, 2018,
2017, 2016). In a randomised control trial comparing patients treated with both
riluzole and masitinib with patients treated with riluzole and placebo loss of motor
functions was slowed in patients treated with masitinib who were not fast
progressors (Mora et al., 2020). In a follow up study lifespan was extended by two
years in patients treated with masitinib if they were not fast progressor compared to
patients treated with placebo (Mora et al., 2021). Very recently an application for
marketing authorisation of masitinib was filed to the European Medical Agency
(Press release by AB Science, 2022).

For FTD no treatments slowing disease progression are available. Certain drugs can
be used for symptom management after exhausting non-pharmacological
interventions (Guimet et al., 2022). Some studies showed an improvement of
behavioural symptoms of FTD patients after treatment with selective serotonin
reuptake inhibitors (Piguet and Hodges, 2013; Pressman and Miller, 2014; Swartz et
al., 1997). The antidepressant trazodone is beneficial in treating agitation and
aggression in FTD (Pressman and Miller, 2014). There is limited evidence through
case reports that anticonvulsants used as mood stabilisers might improve FTD
symptoms of binge eating (Cruz et al., 2008; Singam et al., 2013), alcohol misuse

(Cruz et al., 2008) or hypersexuality (Poetter and Stewart, 2012). A phase 2 clinical
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trial for lithium treatment, which led to some clinical improvement in case series
(Arciniegas, 2006; Devanand et al., 2017), versus placebo is currently under way
(ClinicalTrials.gov identifier: NCT02862210). Intranasal oxytocin has been shown to
improve behavioural symptoms in FTD 8 hours after administration but not 1 week
after administration due to the short half-life of oxytocin (Jesso et al., 2011). A phase
2 multicenter study investigating intranasal oxytocin effects on behavioural
symptoms of FTD compared to placebo is currently active (ClinicalTrials.gov
identifier: NCT03260920).

As described in this section current treatment options for ALS and FTD are
extremely limited and there is an urgent need for more effective treatments based on

findings from pathology mechanism studies.

1.3 The C9ORF72 mutation

A repeat expansion of the hexanucleotide sequence GGGGCC located in the first
intron of the COORF72 gene is the most common genetic cause of both ALS and
FTD in Europe and North America (DeJesus-Hernandez et al., 2011; Renton et al.,
2011). Healthy individuals commonly have less than 11 hexanucleotide repeats
within the COORF72 gene (Harms et al., 2013; Rutherford et al., 2012; Zee et al.,
2013) whilst patients with COORF72 ALS/FTD usually carry hundreds to thousands
of these repeats (Beck et al., 2013; Harms et al., 2013; Suh et al., 2015; van
Blitterswijk et al., 2013). The consequences of this repeat expansion will be

introduced in this section.

1.3.1 Mechanisms of C9ORF72 pathology

The hexanucleotide G4C2 repeat expansion has three different immediate effects on
cells which could all theoretically be causative of disease as illustrated in Figure 1.2.
Firstly, epigenetic marks associated with gene silencing are found within the repeat
expansion sequence and in CpG islands upstream of the repeat (Belzil et al., 2014,
2013; Gijselinck et al., 2016; Jackson et al., 2020; Xi et al., 2015, 2014) which might
lead to reduced expression of COORF72. Indeed, a reduction in COORF72
transcripts in comparison to control tissue is detected in patient frontal cortex,
cerebellum, motor cortex and spinal cord (Belzil et al., 2013; DeJesus-Hernandez et
al., 2011; Donnelly et al., 2013; Fratta et al., 2013; Gijselinck et al., 2012; Mori et al.,
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2013Db; van Blitterswijk et al., 2015; Waite et al., 2014) and lower C9ORF72 protein
levels are found in frontal, occipital, temporal and motor cortices of COORF72 repeat
expansion carriers compared to non-carriers (Saberi et al., 2018; Viodé et al., 2018;
Waite et al., 2014; Xiao et al., 2015). Secondly, the repeat expansion is transcribed
into repetitive RNA in sense and antisense directions which clusters into RNA foci
(Donnelly et al., 2013; Gendron et al., 2013; Lagier-Tourenne et al., 2013;
Mizielinska et al., 2013; Zu et al., 2013) and has been shown to form different
secondary structures in vitro (Fratta et al., 2012; Haeusler et al., 2014; Reddy et al.,
2013; Su et al., 2014; Zhou et al., 2018). Thirdly, even though the repeat expansion
is not located in a coding region it is translated in all reading frames via repeat
associated non-ATG (RAN) translation. This results in the production of five different
dipeptide repeat proteins (DPRs), namely poly-glycine-alanine (GA), poly-glycine-
proline (GP), poly-glycine-arginine (GR), poly-proline-alanine and poly-proline-
arginine (PR) (Ash et al., 2013; Gendron et al., 2013; Mori et al., 2013a, 2013b; Zu et
al., 2013). Interestingly, two in vitro studies found that RAN translation occurred on
unspliced, capped RNA containing the intron with the repeats starting at an upstream
near cognate CUG codon (Green et al., 2017; Tabet et al., 2018). A third in vitro
study detected RAN translation from the spliced intron containing the repeat
expansion, however (Cheng et al., 2018). Possibly, RAN translation occurs from both

RNA species in vivo.
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Figure 1.2: Potential mechanisms of pathology of COORF72 mutation (Gitler and Tsuiji, 2016).
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Which of these mechanisms does actually cause pathology? The COORF72 protein
is involved in autophagy, endolysosomal trafficking and immune system regulation
(Balendra and Isaacs, 2018; Smeyers et al., 2021) and a loss of C9ORF72 might
affect these processes in patients and cause neurodegeneration. In fact, autophagy
levels and lysosome numbers are reduced in COORF72 ALS/FTD patient neurons
(Aoki et al., 2017; Shi et al., 2018; Webster et al., 2016). Furthermore, ubiquitous
C9orf72 knockout mice exhibit immune system dysregulation (Atanasio et al., 2016;
Burberry et al., 2016; Jiang et al., 2016; O’'Rourke et al., 2016; Sudria-Lopez et al.,
2016; Ugolino et al., 2016). However, these mice did not suffer from neuronal loss
and only occasionally exhibited mild motor or cognitive impairments (Atanasio et al.,
2016; Jiang et al., 2016). Conditional knock-down or knockout of C9orf72 in neurons
or glia did not cause motor or cognitive dysfunction in mice (Koppers et al., 2015;
Lagier-Tourenne et al., 2013). Therefore, COORF72 haploinsufficiency is likely not
the prime cause of neurodegeneration in C9ORF72 ALS/FTD.

Repetitive RNA foci might sequester RNA binding proteins rendering them
unavailable to the cell. Indeed, a number of RNA binding proteins have been found
to interact with repeat expansion RNA in patient iPSC-derived neurons, cell lines, in
in vitro studies and in vivo. Most commonly these were heterogeneous nuclear
ribonucleoproteins (hNRNPs) such as hnRNP H, hnRNP Al or A2. THO complex
subunit 4 (ALYREF), serine/arginine- rich splicing factor 1 (SRSF1), double-stranded
RNA-specific editase B2 (ADARB2), nucleolin, Pur-a, Zfp106 and SRSF2 were also
detected in more than one study (Balendra and Isaacs, 2018). In C9ORF72
ALS/FTD patient sense and antisense RNA foci colocalise with hnRNPA1, hnRNP
H/F, SRSF2, and ALYREF (Cooper-Knock et al., 2014; Lee et al., 2013; Sareen et
al., 2013). This colocalisation is usually found within a minority of foci, only hnRNP-H
colocalises with sense foci at high frequencies (Lee et al., 2013). Furthermore, over-
expression of transcriptional regulator Pur-a and zinc finger protein Zfp106 reduced
neurotoxicity in C9ORF72-repeat expressing Drosophila, zebrafish or cell lines
(Celona et al., 2017; Swinnen et al., 2018; Xu et al., 2013). However, in Drosophila
models expressing the C9ORF72 repeat expansion interspersed with stop codons so
that it is not translated into DPRs but only transcribed into repetitive RNA, no
neurodegeneration phenotype is detected whilst expression of the pure uninterrupted
repetitive sequence does lead to neurodegeneration (Mizielinska et al., 2014; Moens

et al., 2018). Another Drosophila model expressing C9ORF72 repeats in an intronic
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region, which only results in production of RNA and in the formation of RNA foci
detectable in neurons and glia but not in the production of DPRs, did not show any
signs of neurodegeneration, either (Tran et al., 2015). These studies question the
potency of repetitive RNA to elicit ALS/FTD neurodegeneration. It is possible,
however, that RNA foci sequester RNA binding proteins which do not occur in
Drosophila.

Treatment with synthetic DPRs or direct expression of individual DPRs (by modifying
the coding sequence which is then usually under the control of an ATG start codon)
in cells and in vivo models is (neuro)toxic (Balendra and Isaacs, 2018). When
comparing the potency of different DPR species in cell lines or primary neurons
(Kanekura et al., 2016; Tao et al., 2015; Wen et al., 2014; Yamakawa et al., 2015), in
Drosophila (Boeynaems et al., 2016a; Freibaum et al., 2015a; Lee et al., 2016;
Mizielinska et al., 2014; Wen et al., 2014; Yang et al., 2015) and in zebrafish
(Swaminathan et al., 2018) the arginine containing species poly-GR or -PR have
been found to be the most toxic. Poly-GR or -PR are also toxic to human astrocytes
and control iPSC-derived neurons (Kwon et al., 2014; Wen et al., 2014). In
Drosophila poly-GR and -PR lead to reduced survival (Freibaum et al., 2015a;
Mizielinska et al., 2014; Wen et al., 2014; Yang et al., 2015) and motor deficits
(Baldwin et al., 2016; Wen et al., 2014; Yang et al., 2015). Mice expressing poly-GR
or -PR postnatally in the brain exhibit neurodegenerative phenotypes (Choi et al.,
2019; Y. J. Zhang et al., 2019, 2018). Poly-GA has also been shown to be toxic in
cell lines (Chang et al., 2016; May et al., 2014; Zhang et al., 2014), primary neurons
(Flores et al., 2016; Zhang et al., 2014), zebrafish (Ohki et al., 2017; Swaminathan et
al., 2018) or mice (Schludi et al., 2017; Zhang et al., 2016). One poly-GA Drosophila
model exhibited moderately reduced lifespans (Mizielinska et al., 2014) while poly-
GA was not toxic in other Drosophila models (Boeynaems et al., 2016; Wen et al.,
2014; Yang et al., 2015). Surprisingly, a study comparing mouse models expressing
poly-PR or -GA already during embryonal development in the central nervous
system found that only poly-GA mice but not poly-PR mice exhibited neuronal loss
(LaClair et al., 2020).

In summary, there is clear evidence that DPRs, predominantly poly-GR and -PR and
also poly-GA, are neurotoxic. However, RNA toxicity and C9O0RF72
haploinsufficiency might also contribute to disease development. For instance,

toxicity in C9ORF72 ALS/FTD patient derived induced motor neurons was
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dependent on reduced C9ORF72 levels (Shi et al., 2018). Furthermore, COORF72
knockout in C9ORF72 ALS/FTD patient derived induced motor neurons enhanced
axonal trafficking defects (Abo-Rady et al., 2020). In mouse models expressing
C90RF72 repeat expansion, C9orf72 knockout exacerbates motor impairments
(Shao et al., 2019; Zhu et al., 2020), cognition defects, neurodegeneration and
accumulation of DPRs (Zhu et al., 2020). These findings further highlight that

C90RF72 mutation pathology is likely not caused via a single mechanism.

1.3.2 Neuropathology in C9ORF72 ALS/FTD

C90RF72 repeat expansion carriers show cytoplasmic TDP43 inclusions in multiple
brain regions including frontal, temporal and primary motor cortices, hippocampus,
basal ganglia, amygdala, thalamus and midbrain (Hsiung et al., 2012; Irwin et al.,
2013; Mackenzie et al., 2013; Mahoney et al., 2012; Murray et al., 2011). Sense and
antisense repetitive RNA foci and DPR inclusions are also present in the central
nervous system of COORF72 ALS/FTD patients. RNA foci are detected in neuronal
nuclei in the frontal and motor cortices, hippocampus, cerebellum and spinal cord
and occasionally in the cytoplasm (DeJesus-Hernandez et al., 2017; Gendron et al.,
2013; Lagier-Tourenne et al., 2013; Mizielinska et al., 2013; Zu et al., 2013). DPR
inclusions are most frequently found in the cerebellum, hippocampus and neocortex
(including frontal cortex) and are rarely detected in the brainstem and spinal cord
(Balendra and Isaacs, 2018). These inclusions stain positive for p62 but negative for
TDP43 (Mori et al., 2013a) and commonly form neuronal cytoplasmic inclusions (Ash
et al., 2013; Gendron et al., 2013; Mackenzie et al., 2013; Mori et al., 2013b) but can
also occur within neurites (Mackenzie et al., 2013; Saberi et al., 2018) and neuronal
nuclei (Ash et al., 2013; Gendron et al., 2013; Mackenzie et al., 2013; Mori et al.,
2013b; Schludi et al., 2015). Poly-GA occurs most frequently, followed by poly- GP
then poly-GR with poly-PA and poly-PR being the least frequent DPR species
(Davidson et al., 2016; Gendron et al., 2013; Gomez-Deza et al., 2015; Liu et al.,
2014; Mackenzie et al., 2015; Mann et al., 2013; Mori et al., 2013b, 2013a; Schludi
et al., 2015). TDP43 pathology in patient central nervous system correlates well with
ALS and FTD neurodegeneration (Davidson et al., 2016, 2014; Gendron et al., 2015;
Mackenzie et al., 2013, 2015; Mann et al., 2013) whilst DPR inclusions usually do

not co-localise with TDP43 inclusions (Gendron et al., 2015) and the two species are
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rarely found within the same neuron (Gomez-Deza et al., 2015; Mackenzie et al.,
2013; Mann et al., 2013; Mori et al., 2013b). Regional distribution of DPR inclusions
is similar between FTD and ALS cases (Davidson et al., 2014; Mackenzie et al.,
2013, 2015). These findings might raise doubts whether DPR inclusions contribute to
neurodegeneration in patients. However, post mortem samples usually represent the
end stage of the disease and neurons which contained DPR inclusions earlier might
have died. Furthermore, it is also possible that DPRs contribute to
neurodegeneration in their soluble form as soluble poly-GP, -GR and -GA was
detected in patient brains (Quaegebeur et al., 2020). However, one study found
specifically poly-GR inclusions to correlate well with neurodegeneration in COORF72
ALS (Saberi et al., 2018) further highlighting poly-GR mediated toxicity.

1.3.3 Cellular functions implicated by the C9ORF72 mutation

Various cellular pathways and organelles have been shown to be affected in the
context of COORF72 repeat expansion and a selection will be introduced here. One
implicated area are membraneless organelles. Poly-GR and -PR localise to the
nucleolus in cell lines, primary neurons, iPSC- derived neurons and Drosophila
which results in altered nucleolus morphology (Callister et al., 2016; Mizielinska et
al., 2017; Schludi et al., 2015; Tao et al., 2015; Wen et al., 2014). In human
astrocytes the localisation of poly-GR and -PR to the nucleolus causes altered
splicing and ribosomal RNA maturation (which occurs in the nucleolus) deficits
(Kwon et al., 2014). Immunoprecipitation studies showed that poly-GR and -PR
interacted with nucleolar proteins (Boeynaems et al., 2017; Lee et al., 2016; Y. Lin et
al., 2016; White et al., 2019) and poly-GR and -PR changed the biophysical
properties of nucleolar protein NPM1 and nucleolin (Lee et al., 2016; White et al.,
2019). In C9ORF72 ALS/FTD patient brains poly-GR and -PR rarely localise to the
nucleolus (Schludi et al., 2015). However, an overall reduction in nucleolus volume is
detected in C9ORF72 FTD patient brains whilst nucleoli are enlarged in neurons
exhibiting poly-GR inclusions (Mizielinska et al., 2017). C9ORF72 ALS spinal cord
motor neurons also show a shrinkage of nucleoli (Aladesuyi Arogundade et al.,
2021).

Other membraneless RNA organelles are also affected by DPRs. Over-expression of

poly-GR and poly-PR in cells leads to reduced numbers of cytoplasmic P bodies
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(Wen et al., 2014; Xu et al., 2019), which are involved in RNA degradation and
contain untranslated RNAs. Cajal bodies and gems, essential for spliceosome
assembly, are also lowered in cells expressing poly-PR, -GR or -GA (Lee et al.,
2016; Rossi et al., 2020). However, the formation of paraspeckles which play a role
in transcriptional regulation is increased in neuronal like cells expressing poly-PR
(Suzuki et al., 2019). The formation and dynamics of stress granules, cytoplasmic
foci comprised of untranslated ribonucleoprotein complexes which form upon cellular
stress in response to translational arrest, are also altered in C9ORF72 ALS/FTD.
Poly-GR and -PR as well as the expression of the COORF72 repeat expansion
enhance the number of stress granules in cells (Boeynaems et al., 2017; Lee et al.,
2016; Rossi et al., 2015; Wen et al., 2014) and poly-PR induced stress granules also
contain disease relevant proteins such as TDP43 and ataxin 2 (Boeynaems et al.,
2017). However, mice expressing poly-GR postnatally in the brain do not form stress
granules positive for the stress granule protein TIA1 in the cortex. In contrast,
expression of the GGGGCC repeat expansion does lead to the formation of
cytoplasmic TIA1 positive stress granules which colocalise with poly-GR (Chew et
al., 2019; Y. J. Zhang et al., 2018). In C9ORF72 ALS/FTD patient brains no
colocalisation of poly-GR or -PR with stress granule markers is detected (Hartmann
et al., 2018). Furthermore, disassembly of stress granules is impaired by poly-GR
and -PR in cells (Boeynaems et al., 2017; Lee et al., 2016; Y. J. Zhang et al., 2018)
potentially leading to mMRNAs being trapped in stress granules and not being
available for translation. Fittingly, poly-GR and -PR have been shown to inhibit
translation in cell lines (Kanekura et al., 2016; Lee et al., 2016; Vanneste et al.,
2019; Y. J. Zhang et al., 2018), Drosophila, control iPSC-derived motor neurons
(Moens et al., 2019) and mice (Y. J. Zhang et al., 2018). Translational repression is
also observed after expressing GGGGCC repeats in cells (Rossi et al., 2015) and in
C90ORF72 ALS patient iPSC-derived motor neurons (Ortega et al., 2020).
Immunopreciptation and other interactome studies have found that poly-GR and -PR
interact with ribosomal proteins and translation initiation and elongation factors
(Boeynaems et al., 2017; Hartmann et al., 2018; Kanekura et al., 2016; Lee et al.,
2016; Y. Lin et al., 2016; Lopez-Gonzalez et al., 2016; Moens et al., 2019; Radwan
et al., 2020; Yin et al., 2017). Furthermore, poly-GR colocalises with ribosomal
proteins and translation elongation factors in a poly-GR mouse model and poly-GR
and -PR have been found to colocalise with these factors in COORF72 ALS/FTD
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brain (Hartmann et al., 2018; Y. J. Zhang et al., 2018). These findings might indicate
that the interaction of poly-GR and -PR with translation factors makes these factors
inaccessible to active translation. Furthermore, poly-GR and -PR have been shown
to bind to mRNAs which might impair their translation (Kanekura et al., 2016).
Another mechanism of translational repression by poly-GR and -PR might be by
directly acting on the assembled ribosomal complex. Indeed, it has been shown that
poly-GR and -PR cause ribosome stalling in cells (Radwan et al., 2020) and that they
directly bind to the polypeptide tunnel of the ribosome in vitro thereby impairing the
ribosome’s peptidyl-transferase activity and thus protein biosynthesis (Loveland et
al., 2022). Translation is also repressed as a consequence of the integrated stress
response via the phosphorylation of eukaryotic translation initiation factor 2 subunit a
which has been found to lead to an increase in RAN translation (Bowden and
Dormann, 2016; Green et al., 2017). The resulting enhanced levels of poly-GR and -
PR might then further inhibit translation and increase cellular stress in a negative
feedback loop which ultimately greatly impacts cellular function as cellular protein
supply is disrupted.

The C9ORF72 repeat expansion also has an effect at the DNA level. In a mouse
model expressing poly-PR in the brain, poly-PR bound to heterochromatin and cells
expressing poly-PR showed decreased levels of heterochromatin protein 1a (HP1a),
nuclear lamina invaginations and altered histone methylation, which in their
physiological state regulate heterochromatin structure. These changes to
heterochromatin led to aberrant expression of repetitive elements and double
stranded RNAs which would normally be silenced (Y. J. Zhang et al., 2019).
Furthermore, DNA damage is detected in primary neurons expressing COORF72
repeats or poly-GR, -PR or -GA (Farg et al., 2017; Maor-Nof et al., 2021; Walker et
al., 2017), human cell lines expressing COORF72 repeats or poly-GR, -PR or -GA
(Farg et al., 2017; Nihei et al., 2020; Walker et al., 2017), mice expressing the
CI90ORF72 repeat expansion or poly-GR or -GA in the brain (Choi et al., 2019; Walker
et al., 2017), C9ORF72 ALS/FTD patient brain and spinal cord (Farg et al., 2017,
Nihei et al., 2020), C9ORF72 patient iPSC-derived motor neurons or control iPSC-
derived motor neurons expressing poly-GR (Lopez-Gonzalez et al., 2016). DNA
damage might be caused by impaired activation of mutated in ataxia telangiectasia
(ATM), a kinase activating a DNA repair signalling pathway, because of the
C90RF72 repeat expansion or poly-GA (Nihei et al., 2020; Walker et al., 2017). This
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might be partially caused by sequestration of phosphorylated (activated) ATM and
hnRNPA3, whose knockdown exacerbates DNA damage in cells expressing poly-
GR, -PR or -GA and in C90RF72 patient iPSC-derived motor neurons, into poly-GA
foci (Nihei et al., 2020). Impairment of NPM1, a nucleolar protein involved in DNA
damage repair, function by poly-GR and -PR might be another factor responsible for
DNA damage (Farg et al., 2017). Reduced mitochondria function correlates with
DNA damage in mice expressing poly-GR in the brain and in COORF72 patient
iPSC-derived motor neurons as this can lead to increased oxidative stress in turn
leading to DNA damage (Choi et al., 2019; Lopez-Gonzalez et al., 2016). Possibly,
all of these mechanisms contribute to DNA damage in C9ORF72 model systems.
DNA damage might be partly responsible for neurodegeneration as mice expressing
poly-GR or -GA show signs of DNA damage and motor phenotypes and neuronal
loss or behavioural deficits and neuronal loss, respectively (Choi et al., 2019; Walker
et al., 2017) and primary neurons expressing poly-PR exhibit DNA damage and
axonal degeneration (Maor-Nof et al., 2021).

As mentioned above impaired mitochondria function is detected in C9ORF72 model
systems. In C9ORF72 iPSC-derived motor neurons and mitochondria are swollen,
which can trigger the release of proapoptotic factors from the mitochondria. Indeed,
apoptosis markers are increased in these cells. Furthermore, the mitochondrial
membrane potential is reduced in C9ORF72 patient motor neurons compared to
controls, which indicates reduced uptake of calcium necessary for the regulation of
ATP production and apoptosis (Dafinca et al., 2016). As the endoplasmic reticulum
(ER) acts as the cell’s largest calcium storage calcium influx into mitochondria often
occurs from the ER facilitated by molecular tethers between the ER and
mitochondria. The number of these tethers has been found to be decreased in
C90RF72 ALS/FTD iPSC-derived neurons and in mice expressing a bacterial
artificial chromosome (BAC) containing the C9ORF72 repeat expansion. Cells
expressing poly-GR, -PR or -GA also exhibited reduced ER mitochondria tethers
compared to GFP expressing cells and showed reduced uptake of calcium by
mitochondria (Gomez-Suaga et al., 2022). In contrast, in COORF72 patient
fibroblasts, grown in oxidative conditions so that cells have to solely rely on energy
production via oxidative phosphorylation occurring in mitochondria, mitochondria
have been found to be hyperpolarised (indicating high calcium influx) leading to

enhanced ATP production and increased levels of reactive oxygen species.
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However, this is not accompanied by reduced cell survival (Onesto et al., 2016).
Another function of calcium uptake by mitochondria is calcium buffering after
neurotransmission. Indeed, COORF72 iPSC-derived motor neurons show prolonged
recovery times to calcium baseline levels after glutamate depolarisation and reduced
calcium uptake of mitochondria after glutamate depolarisation compared to standard
and isogenic control lines. This is likely caused by the lowered expression of
mitochondria calcium uniporter (MCU), responsible for calcium entry inside
mitochondria, detected in C9ORF72 motor neurons compared to isogenic controls.
As C90RF72 motor neurons also show increased excitability upon glutamate
stimulation compared to controls, the reduced calcium buffering capacity of
mitochondria in these cells could contribute to glutamate excitotoxicity, the toxic
overexcitement of cells due to calcium mediated excess glutamate release (Dafinca
et al., 2020). Furthermore, enhanced calcium release from mitochondria upon
mitochondria membrane potential breakdown (a trigger for mitochondrial calcium
release) which could eventually lead to apoptosis has been observed in older but not
young C9ORF72 ALS/FTD iPSC-derived motor neurons compared to controls, but
this is not accompanied by hyperexcitability (Burley et al., 2022). C9ORF72
ALS/FTD patient iPSC-derived motor neurons also exhibit mitochondrial respiration
deficits accompanied by reduced axon lengths possibly due to downregulation of
electron transport chain transcripts responsible for mitochondrial respiration
compared to isogenic controls. This downregulation also occurs in C9ORF72 ALS
patient spinal cord ventral horn motor neurons but not in dorsal horn sensory
neurons suggesting selective vulnerability of motor neurons (Mehta et al., 2021).
Poly-GR has been found to interact with ATP synthase F1 subunit alpha (ATP5A1),
a part of mitochondrial complex V which synthesises ATP, in immunoprecipitation
experiments using a human cell line. In addition, ATP5A1 protein levels are reduced
in the cortex of mice expressing poly-GR in the brain, where ATP5A1 RNA levels are
not affected, and in frontal cortex of COORF72 ALS/FTD patients. This mouse model
also shows synaptic dysfunction, social behavioural deficits, neuronal cell loss and
microgliosis suggesting toxicity of the mitochondrial phenotype (Choi et al., 2019). In
Drosophila expressing poly-GR in the muscle and showing a wing phenotype poly-
GR preferentially localises to mitochondria. Poly-GR is also enriched in the
mitochondrial fraction of COORF72 ALS/FTD patient fibroblasts exhibiting abnormal
mitochondria morphology (Li et al., 2020b, 2020a). Overall, the observed
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mitochondria deficits likely contribute to neurodegeneration as neurons heavily rely
on ATP production by mitochondria to sustain their activity.

Lastly, axonal transport of mitochondria is impaired in COORF72 ALS/FTD iPSC-
derived motor neurons (Fumagalli et al., 2021; Mehta et al., 2021) or control iPSC-
derived motor neurons treated with poly-GR or -PR (Fumagalli et al., 2021), in larval
neuropeptidergic neurons or in adult sensory neurons in the wing of Drosophila
models expressing COORF72 repeats, poly-GR or poly-PR (Baldwin et al., 2016;
Fumagalli et al., 2021) but not in larval motor neurons of a Drosophila model
expressing COORF72 repeats (Sung and Lloyd, 2022). Further regarding axonal
transport deficits, poly-PR interacts with members of the axonal transport machinery
from mouse spinal cord lysate. Poly-GR colocalises with motor protein kinesin-1
isoform KIF5B in COORF72 ALS/FTD patient frontal cortex. In addition, KIF5B and
dynein motility is impaired by poly-GR and -PR in vitro possibly by these DPRs
binding to microtubules thereby hindering motor protein movement (Fumagalli et al.,
2021). These axonal transport impairments caused by C9ORF72 mutation likely
affect neuronal function.

In summary, a variety of cellular mechanism seem to be implicated in COORF72
ALS/FTD potentially all contributing to pathology possibly at different stages of
disease. Another cellular mechanism affected by the C9ORF72 mutation is

nucleocytoplasmic transport which will be introduced in section 1.5.2.

1.4 Nucleocytoplasmic transport

Nucleus and cytoplasm are separate compartments divided by the two-layered
nuclear membrane in eukaryotic cells. Hence, nuclear transcription and cytoplasmic
translation are physically segregated. Gene expression and general information
exchange between the nucleus and the cytoplasm are dependent on exchange of
proteins and RNAs between the nucleus and the cytoplasm. The process ensuring
this is termed nucleocytoplasmic transport (Stewart, 2007; Strambio-De-Castillia et
al., 2010). 17 % of all eukaryotic proteins are estimated to be imported into the
nucleus (Cokol et al., 2000). This essential mechanism is regulated by transport
receptors, the GTPase Ran and by channels spanning the nuclear membrane
thereby connecting nucleus and cytoplasm known as nuclear pore complexes
(Eibauer et al., 2015; von Appen et al., 2015).
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1.4.1 The nuclear pore

All nucleocytoplasmic transport occurs through nuclear pores with over 1000
cargoes being transported through each nuclear pore every second (Ribbeck et al.,
1998). The mammalian nuclear pore is a large multi-protein complex of about 120
MDa (Beck and Hurt, 2017; Lin and Hoelz, 2019). It has eight-fold rotational
symmetry and contains about 30 different proteins termed nucleoporins occurring as
multiples of eight (Cronshaw et al., 2002; Lin and Hoelz, 2019). The exact
composition of nucleoporins can vary between nuclear pores within the same cell
(Coyne et al., 2020; Kinoshita et al., 2012) and can also differ between cell types (Ori
et al., 2013; Rajoo et al., 2018). As depicted in Figure 1.3 the nuclear pore has
several subcomplexes made up of multiple modules of nucleoporins with modules
mostly containing the same nucleoporins within a subcomplex (Hampoelz et al.,
2019; Schwartz, 2005). Each nuclear pore consists of a symmetric core surrounding
the central transport channel. This symmetric core is formed by an inner ring
embedded within the nuclear envelope and two outer rings, one on the inner and one
on the outer nuclear membrane (Kosinski et al., 2016; D. H. Lin et al., 2016). The
core acts as a scaffold anchoring asymmetric structures, namely cytoplasmic
filaments on the cytoplasmic face and the nuclear basket on the nuclear side.
Transmembrane nucleoporins anchor the symmetric core in the nuclear envelope
(Lin and Hoelz, 2019).

The symmetric core consists of eight distinct units termed spokes. The outer rings
are primarily formed by Y-shaped coat nucleoporin complexes. Each spoke contains
4 coat nucleoporin complexes, two on the nuclear outer ring and two on the
cytoplasmic outer ring, with a total of 32 coat nucleoporin complexes in each human
nuclear pore (Lin and Hoelz, 2019). Similarly, the inner rings are made of inner ring
complexes with 4 inner ring complexes per spoke, two on the nuclear half and two
on the cytoplasmic half of the inner ring. Each nuclear pore also contains a total of
32 inner ring complexes (Kosinski et al., 2016; D. H. Lin et al., 2016). Nucleoporins
of the coat nucleoporin complexes connect via hydrophobic interfaces while inner
ring nucleoporins are linked by short sequence motifs separated by flexible linkers
allowing for greater flexibility (Lin and Hoelz, 2019).Cytoplasmic filaments act as
binding sites for nucleocytoplasmic transport factors and Ran GTPase (Lin and

Hoelz, 2019). On the other face of the pore, the nuclear basket nucleoporins directly
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interact with the nucleocytoplasmic transport machinery, anchor RNA export factors,
connect the nuclear pore with the transcriptional regulatory machinery and acts as a
heterochromatin exclusion zone important for mRNA export (Kéhler and Hurt, 2010;
Krull et al., 2010). The central channel of the nuclear pore consists of nucleoporins
containing phenylalanine-glycine (FG) domains (Lin and Hoelz, 2019) . FG-repeat
regions are intrinsically disordered and are often enriched in polar amino acids and
depleted of charged amino acids (Hoelz et al., 2016). These domains are found in
about a third of nucleoporins also including inner ring, cytoplasmic filament and
nuclear basket nucleoporins (Lin and Hoelz, 2019; Schmidt and Gérlich, 2016). FG
nucleoporins form the permeability barrier of the nuclear pore (Schmidt and Gérlich,
2016) (see also section 1.4.2).

With this structural complexity, nuclear pore complexes play an important role in
maintaining nuclear and cytoplasmic integrity by hindering macromolecules from
freely moving in and out of the nucleus (see also section 1.4.2). They also greatly
support cellular functionality. For instance, cargos are translocated through the
nuclear pore in their natively folded state allowing them to immediately fulfil their

function after transport such as transcriptional activation (Lin and Hoelz, 2019).
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Figure 1.3: Structure and composition of the nuclear pore (Coyne and Rothstein, 2022).
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1.4.2 Active versus passive nucleocytoplasmic transport

Cargos are either actively transported or can passively diffuse through the nuclear
pore. FG nucleoporins in the central channel region form a permeability barrier only
allowing entry of molecules below a size of 40 kDa or 5 nm (Bonner, 1975; Mohr et
al., 2009). This is, however, not a strict cut-off but rather an energetic barrier towards
passive diffusion that rises with increasing size of macromolecules (Timney et al.,
2016). In addition to size, surface properties play a role in the passive diffusion
properties of protein cargos with hydrophobic surface residues being beneficial for
passive translocation (Frey et al., 2018; Naim et al., 2009). Larger molecules rely on
transport using transport receptors which is energy dependent (active
nucleocytoplasmic transport) (Guttler and Gorlich, 2011; Sloan et al., 2016).
Transport receptors of the karyopherin 3 family (see also section 1.4.3) interact with
FG repeats via hydrophobic pockets on their outer surface. The phenylalanine
residue of the FG repeats can bind to this hydrophobic pocket (Bayliss et al., 2002,
2000; Koyama et al., 2017, 2014; Port et al., 2015). This interaction is weak, but
each transport receptor has multiple FG binding sites which can be engaged by
multiple FG repeats of the same nucleoporin in fast succession (Hough et al., 2015;
Milles et al., 2015). These multivalent interactions thereby increase affinity through
avidity (Kapinos et al., 2014; Schoch et al., 2012)

There are multiple hypotheses about how the permeability barrier of the nuclear pore
is formed. The virtual gate model states that the nuclear pore forms an entropic
barrier by decreasing the entropy of a macromolecule by restricting its movement
with only small molecules being able to afford to “pay the entropy price”. The binding
energy of the multiple low-affinity binding sites of FG repeats for transport receptors
allows transport receptors to overcome this entropic barrier (Rout et al., 2003). The
reversible collapse model is also based on an entropic barrier with transport receptor
binding collapsing FG repeats into a compact conformation as opposed to the barrier
conformation (Lim et al., 2007). The two gate or forest model states that FG repeats
form two distinct transport zones based on their conformation with small molecules
being able to diffuse through one zone and cargo loaded transport receptors
translocating through the other (Yamada et al., 2010). Finally, the selective phase
model, generally considered as the most plausible in the field, sees the permeability

barrier as a 3D meshwork of FG repeats forming a hydrogel via reversible cohesive
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interactions. This meshwork acts as a molecular sieve which can only be crossed by
smaller cargo. Binding of transport receptors to FG repeats would locally break FG-
FG interactions resulting in a local widening of the meshwork allowing the passage
of larger cargo (Ribbeck and Gérlich, 2001). Importantly, supporting this hypothesis
FG repeat domains can phase-transition into hydrogels in vitro which replicate
permeability barrier features (Frey et al., 2006; Frey and Gorlich, 2007). It is also
proposed that transport receptors, in particular importin B, contribute to the nuclear
pore’s permeability barrier (Kalita et al., 2021).

In summary, passive and active nucleocytoplasmic transport co-occur in cells (Mohr
et al., 2009) and they might exist on a continuum with some cargos being actively
transported and having some ability of passive diffusion (Frey et al., 2018). In any
case, the permeability barrier is essential for the separation of nucleus and

cytoplasm function.

1.4.3 Mechanisms of active protein import and export

Proteins not capable of passive diffusion through the nuclear pore are transported by
transport receptors. The majority of macromolecules are transported by members of
the transport receptor family of karyopherins B (Kimura and Imamoto, 2014). These
include importins, translocating proteins from the cytoplasm into the nucleus
(Boulikas, 1994; Cokol et al., 2000), exportins, passaging proteins out of the nucleus
into the cytoplasm (Xu et al., 2012), and bidirectional transportins (Twyffels et al.,
2014). 20 different human karyopherins 3 are known. Another class of transport
receptors are karyopherins a with 7 members in humans (Kimura and Imamoto,
2014). These act as adaptors connecting importins B to their cargo (Goldfarb et al.,
2004).

Active nucleocytoplasmic transport of proteins is regulated by the Ran gradient. The
GTPase Ran can either occur in a GTP or GDP bound form. RanGTP is about 200
times more concentrated in the nucleus than in the cytoplasm (Gorlich et al., 2003;
Kalab et al., 2002; Smith et al., 2002). When importins transport their cargo into the
nucleus, the cargo is released by RanGTP binding to importin (Jakel and Gorlich,
1998). The cargo stays in the nucleus as it cannot freely diffuse through the
permeability barrier. Ran-GTP importin complexes interact with FG nucleoporins

leading to the translocation of importins back to the cytoplasm. In the cytoplasm
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RanGTPase-activating protein 1 (RanGAP1) hydrolyses RanGTP to RanGDP which
leads to the dissociation of RanGDP from importin. Importin can now again associate
with cargo (Stewart, 2007). RanGDP is recycled back to the nucleus by nuclear
transport factor 2 (NTF2) (Ribbeck et al., 1998). In the nucleus, regulator of
chromosome condensation 1 (RCC1) converts RanGDP into RanGTP ensuring the
higher concentration of RanGTP in the nucleus compared to the cytoplasm (Klebe et
al., 1995; Renault et al., 2001; Ribbeck et al., 1998). Conversely, RanGTP mediates
cargo binding of exportins. After cargo translocation from the nucleus to the
cytoplasm, conversion of RanGTP to RanGDP leads to the disassembly of the Ran-
exportin-cargo complex (Arts et al., 1998; Fornerod et al., 1997; Kutay et al., 1998,
1997). Exportin is recycled back to the cytoplasm via FG nucleoporin interaction
(Kutay and Guttinger, 2005).

Proteins usually bind to import receptors via a nuclear localisation signal (NLS) and
to export receptors via a nuclear export signal (NES). Only a subset of these signals
has been characterised for specific transport receptors (Fung et al., 2017; Soniat and
Chook, 2015). The highly basic classical NLS binds to importin a (acting as a cargo
adaptor for importin 3 as mentioned above) (Pumroy and Cingolani, 2015). The
consensus sequence contains arginine and lysine residues (Kalderon et al., 1984;
Robbins et al., 1991). Classical NLSs bind to the armadillo repeat domain of importin
a (Lott et al., 2011). The N-terminal importin 8 binding region (IBB) of importin a
contains an NLS-like sequence which binds to the major NLS binding site of importin
a thereby inhibiting cargo binding (Conti et al., 1998; Kobe, 1999). Importin B binding
to the IBB makes the major NLS binding site of importin a available for cargo binding
thereby greatly enhancing cargo affinity (Catimel et al., 2001; Fanara et al., 2000;
Hodel et al., 2006, 2001). TDP43 is a cargo imported by the importin a/f system
(Nishimura et al., 2010). Another characterised NLS is the proline-tyrosine (PY) NLS
which binds transportin 1 (B. J. Lee et al., 2006). These sequences have an overall
positive charge and bind to a negatively charged site on transportin 1 (Chook and
Siel, 2011; B. J. Lee et al., 2006; Soniat and Chook, 2016; Suel et al., 2008). FUS is
imported into the nucleus by transportin 1 (Dormann 2010). The only characterised
NES to date binds exportin 1. It contains hydrophobic anchor residues that bind to a
hydrophobic groove on the outer surface of exportin 1 (Dong et al., 2009; Fung et al.,
2017, 2015; Guttler et al., 2010; Monecke et al., 2009). Interestingly, predicted
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exportin 1 NES sequences in TDP43 and FUS were shown to be non-functional
(Ederle et al., 2018).

Karyopherins 3 use N-terminal structural motifs known as HEAT repeats to interact
with the switch 1 and 2 regions (interacting with bound GTP (Vetter and Wittinghofer,
2001)) of Ran-GTP (Aksu et al., 2019, 2016; Bono et al., 2010; Chook and Blobel,
1999; Cook et al., 2009; Grunwald et al., 2013; Kobayashi and Matsuura, 2013; Lee
et al., 2005; Maertens et al., 2014; Matsuura and Stewart, 2004; Monecke et al.,
2009; Okada et al., 2009). Ran-GTP binds importins with very high affinity,
bidirectional transport receptors with high to moderate affinity and exportins not
bound to cargo with no or low affinity (Griinwald et al., 2013; Hahn and Schlenstedt,
2011; Lipowsky et al., 2000). The mutual exclusivity of cargo or Ran-GTP binding to
importins is mediated by a steric clash between import cargo and Ran-GTP upon
importin binding. Alternatively, it can be driven by conformational changes of importin
upon Ran-GTP binding which render the cargo binding site inaccessible or by a
combination of the two mechanisms (Wing et al., 2022). Exportins do not bind cargo
or Ran-GTP alone but only bind them in conjunction. This cooperative binding is
mediated by large conformational changes in most exportins and by direct contacts
between Ran-GTP and cargo which stabilises the complex (Wing et al., 2022).
Exportin 1 is the only exportin where Ran-GTP and cargo do not form direct
contacts. The reason for this is that cargo binds on the outer surface and Ran-GTP
on the inner surface of exportin 1. Coupled binding is therefore mediated by
conformational changes of exportin 1 leading to the opening or closing of its cargo
binding groove (Fung and Chook, 2014). Dissociation of the exportin 1-cargo-
RanGTP complex is dependent on Ran binding protein 1 (RanBP1) which
sequesters RanGTP away from the complex leading to subsequent cargo
dissociation (Li et al., 2019).

In the human nuclear basket, the nucleoporin NUP50 contains a Ran binding domain
and NUP153 contains a zinc finger domain both serving as binding sites for Ran (Lin
and Hoelz, 2019). Ran binding of Nup153 might locally tether RanGDP for
conversion into RanGTP by Rccl. This might provide a pool of RanGTP to
dissociate importin-cargo binding as Ran cannot bind Nup153 and importin 8 at the
same time (Schrader et al., 2008). Fittingly, Nup153 depletion reduces importin o/
mediated import (Ogawa et al., 2012; Walther et al., 2001). Nup50 also plays a role

in the dissociation of importin-cargo complexes (Lindsay et al., 2002; Makise et al.,
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2012; Matsuura and Stewart, 2005). The cytoplasmic filament nucleoporin RANBP2
also has Ran binding domains and zinc finger domains homologous to the ones in
NUP153 (Lin and Hoelz, 2019). The Ran binding domains bind both RanGTP and
RanGDP with a higher affinity for RanGTP and the zinc finger domains solely bind
RanGDP (Yaseen and Blobel, 1999). RanBP2 in conjunction with RanBP1 mediates
efficient RanGTP hydrolysis to RanGDP by dissociating RanGTP from karyopherin
complexes (Beddow et al., 1995; Bischoff et al., 1995; Vetter et al., 1999).
Furthermore, RanBP2 provides an anchoring site for RanGAP1 and binding of
RanGAP1 to RanBP2 is dependent on RanGAP1 SUMOylation (Mahajan et al.,
1997; Reverter and Lima, 2005). Thus, RanBP2 contributes to RanGTP hydrolysis
by RanGAP1. The RanGAP1-RanBP2 interaction has been shown to facilitate
exportin-cargo dissociation (Ritterhoff et al., 2016).

In summary, efficiency and tight regulation of active nucleocytoplasmic transport is
ensured by the interplay of transport receptors, Ran factors and nucleoporins.

1.4.4 Mechanisms of messenger RNA export

The overall mechanism of messenger RNA (MRNA) export is similar to protein
export. However, it does not rely on members of the karyopherin 3 family and uses
ATP as an energy source instead of GTP (Katahira, 2015; Natalizio and Wente,
2013; Nifio et al., 2013; Stewart, 2010; Valkov et al., 2012). The nuclear RNA export
factor 1:NTF2-related export protein 1 (NXF1:NXT1) complex acts as the general
MRNA transport receptor (Griter et al., 1998; Hurt et al., 2000). Upon processing
and maturation mRNAs are bound by the TREX and/or TREX2 complex (Cheng et
al., 2006; Ellisdon et al., 2012; Jani et al., 2012, 2009; Masuda et al., 2005; Straler
et al., 2002; Zhou et al., 2000). TREX is recruited to mRNAs by splicing factors
(Masuda et al., 2005). RNAs coupled to TREX/TREX2 and additional factors diffuse
through interchromatin space or zones of heterochromatin exclusion in the
nucleoplasm towards nuclear pore complexes (Ben-Ari et al., 2010; Politz et al.,
1999; Shav-Tal et al., 2004). Nuclear basket nucleoporin Translocated promoter
region (TPR) is involved in the formation of these heterochromatin exclusion zones
(Krull et al., 2010). TREX2 interaction with the nuclear pore also requires TPR
(Umlauf et al., 2013; Wickramasinghe et al., 2014). Interestingly, mRNA

translocation to the nuclear pore requires several minutes whereas the passage
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through the nuclear pore takes less than 500 milliseconds (Mor et al., 2010;
Oeffinger and Zenklusen, 2012; Sheinberger and Shav-Tal, 2013). RNAs are
transferred from the TREX/TREX2 complex to the NXF1:NXT1 complex
(Wickramasinghe and Laskey, 2015). NXF1 binding to TREX components increases
its affinity towards RNA (Hautbergue et al., 2008). As the NXF1:NXT1 complex binds
all mMRNAs, selectivity is mediated by different members of the TREX/TREX2
complex (Wickramasinghe and Laskey, 2015) . The NXF1:NXT1 complex
translocates mRNAs through the nuclear pore by interacting with FG nucleoporins
(Bachi et al., 2000; Fribourg et al., 2001; Grant et al., 2002) The NXF1:NXT1-RNA
complex is dissociated by ATP-dependent RNA helicase Dead box protein 5 (DBP5)
in the cytoplasm. This process is catalysed by DBP5’s ATPase activity and is
regulated by its interaction partners cytoplasmic filament nucleoporin GLE1, small
signalling molecule inositol hexakisphosphate (InsP6) and cytoplasmic filament
nucleoporin NUP214 (Alcazar-Roman et al., 2006; Folkmann et al., 2011; Hodge et
al., 2011; Montpetit et al., 2011; Noble et al., 2011; von Moeller et al., 2009; Weirich
et al., 2006). The mMRNAs can now be translated. Like protein transport mRNA export
is a tightly regulated process ensuring that only mature mRNA molecules are
transported to the translation machinery.

In summary, nucleocytoplasmic transport is of indispensable importance to the cell
being the main route of information exchange between cytoplasmic and nuclear
cellular activities allowing for responses to environmental changes and functional
requirements. Shuttling proteins include transcription factors, hormone receptors,
RNA binding proteins and cytoskeletal proteins regulating a wide range of cellular
mechanisms such as differentiation, proliferation, synapse to nucleus signalling and
immune response (Fu et al., 2018; Jordan and Kreutz, 2009; Korwek et al., 2016;
Kumeta et al., 2012; McKinsey et al., 2000; Molenaar and Weeks, 2018).

1.5 Nucleocytoplasmic transport defects in ALS/FTD

Being such a vital part for cell function nucleocytoplasmic transport is also affected in
ALS/FTD and neurodegeneration in general. As will be introduced in this section
dysfunction can be related to all nucleocytoplasmic transport factor types, namely
transport receptors, nucleoporins and Ran factors. A strong indication that

nucleocytoplasmic transport is impaired in ALS/FTD is the cytoplasmic
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mislocalisation of RNA binding proteins TDP43 and FUS observed in pathological
post-mortem tissue in the majority of cases, as described above.

1.5.1 Impairments of nucleocytoplasmic transport in different types of ALS/FTD

One example of a very direct impairment of a nucleocytoplasmic transport factor in
ALS is the detection of mutations in the cytoplasmic filament nucleoporin gene GLE1
in ALS patients. A missense mutation leading to an incorporation of a premature stop
codon leads to reduced RNA expression and stability. GLE1 proteins containing a
splice site mutation show reduced localisation to the nuclear pore and enhanced
localisation to the cytoplasm compared to wildtype proteins when transfected into a
human cell line (Kaneb et al., 2015). As GLEL1 plays a role in mRNA export (as
described in section 1.4.4) mutations might cause disease by a loss of protein
function at the nuclear pore. Cytoplasmic GLEL1 is involved in translation and stress
granule assembly (Aditi et al., 2015), hence enhanced cytoplasmic mutant GLE1
might also lead to pathology via toxic gain of function.

As described in sections 1.1.2 and 1.1.3 FUS mutations are often localised in its NLS
thereby reducing binding of its import receptor transportin 1 which results in FUS
being mislocalised to the cytoplasm (Dormann et al., 2010; Neumann et al., 2011). In
FTD transportin 1 is found in FET (FUS, EWS, TAF15) inclusions likely due to its
enhanced FET binding mediated by hypomethylation of FET proteins (Dormann et
al., 2012; Suarez-Calvet et al., 2016). It is unclear, however, whether this altered
transportin 1 interaction with FUS leads to its mislocalisation or is protective.
Furthermore, the nuclear cytoplasmic Ran ratio was reduced in mutant FUS patient
iPSC-derived motor neurons compared to isogenic controls. The mutant FUS cells
also exhibited decreased staining of nucleoporins pore membrane 121 (POM121)
and NUPG62 at the nuclear membrane compared to controls. These findings were
accompanied by lower levels of active nuclear import of a reporter cargo. Mutant
FUS was also shown to interact with FG nucleoporins including NUP62 in the
cytoplasm of mutant FUS patient iPSC-derived motor neurons. Knockdown of Nup62
in a mutant FUS Drosophila model reduces toxicity indicating that mutant FUS
NUPG62 interactions might contribute to pathology (Lin et al., 2021). Another study
found reduced nuclear membrane NUP62 also in motor neurons of mutant FUS ALS

patient spinal cord (Aizawa et al., 2022).
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In salivary glands of a mutant TARDBP Drosophila model decreased nuclear levels
and cytoplasmic mislocalisation of importin a3 were detected (Solomon et al., 2018).
Models of TDP43 aggregation showed that transport factors were recruited into
these aggregates. In an immunoprecipitation experiment using a neuroblastoma cell
line overexpressing TDP43 C-terminal fragment (CTF) causing the formation of CTF
aggregates, transport receptors and nucleoporins (including all FG nucleoporins of
the central channel) interacted with the TDP43 CTF aggregates. In primary cortical
neurons over-expression of TDP43 CTF also resulted in the formation of cytoplasmic
FG nucleoporin aggregates which colocalised with TDP43 CTF. These cells also
showed reduced active nuclear import of a reporter cargo compared to control cells
(Chou et al., 2018). In a separate study, the formation of cytoplasmic TDP43 droplets
was induced by treating a neuroblastoma cell line with FUS fibrils. After 15 days to a
month RanGAP1, Ran, NUP107, NUP62 and importin a formed cytoplasmic puncta
and NUP62 and importin a also colocalised with cytoplasmic TDP43 droplets
(Gasset-Rosa et al., 2019). Furthermore, mutant TARDBP ALS patient iPSC-derived
motor neurons exhibited cytoplasmic mislocalisation of FG nucleoporins. Active
nuclear translocation of a reporter cargo was also decreased in mutant TARDBP
ALS patient fibroblasts. In addition, in TDP-ALS motor cortex staining of inner ring
NUP205 was largely reduced compared to control cases and NUP205 formed
cytoplasmic inclusions which occasionally colocalised with phospho-TDP43 (Chou et
al., 2018). In FTLD-TDP frontal cortex, soluble importin a3 levels were reduced
compared to control cases and importin a3 was depleted from the nucleus (Solomon
et al., 2018). Furthermore, levels of importin al and its transport receptor Cellular
apoptosis susceptibility protein (CAS) were reduced in FTLD-TDP patient brain
compared to control brain (Nishimura et al., 2010).

In lumbar spinal anterior horn cells of a mutant SOD1 mouse model, importin 3 and
al showed reduced nuclear and enhanced cytoplasmic staining as well as a partial
loss of NUP62 staining at the nuclear membrane compared to wildtype mice
(Kinoshita et al., 2009; Nagara et al., 2013; Zhang et al., 2006). Progressive nuclear
mislocalisation of RanGAP1 and nucleoporins GP210, NUP205, NUP107 and
NUP50 was observed in spinal cord motor neurons of a mutant SOD1 mouse model
compared to wildtype (Shang et al., 2017). Irregular NUP62 staining was also
observed in SOD1-ALS patient lumbar spinal anterior horn cells (Kinoshita et al.,

2009) but this might also just be due to misshaped nuclei in patients.
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Primary neurons expressing mutant PEN1 and mutant PFN1 ALS patient-derived
lymphoblasts depicted irregular staining of FG nucleoporins and RanGAP1 at the
nuclear membrane compared to controls. These cells also exhibited enhanced
cytoplasmic nuclear ratios of Ran compared to controls. Active nuclear import of a
reporter cargo was decreased in primary neurons expressing mutant PFNL1 in
comparison to control cells (Giampetruzzi et al., 2019) This suggests that the
changes in nucleoporin and Ran factor localisation detected in PFN1 mutant cells
impair active nucleocytoplasmic transport.

Widespread mislocalisation of nucleocytoplasmic transport factors was also
observed in sporadic ALS. Levels of importin a7 were reduced and importin a1 was
enhanced in sporadic ALS spinal cord compared to control tissue (Nishimura et al.,
2010). A loss of nuclear importin 8 in conjunction with cytoplasmic mislocalisation
was observed in spinal cord motor neurons of sporadic ALS patients compared to
controls (Aizawa et al., 2019; Kinoshita et al., 2009; Nagara et al., 2013). RanGAP1
was mislocalised to the cytoplasm in sporadic ALS spinal cord motor neurons
(Shang et al., 2017). Nucleoporins NUP62 and NUP153 exhibited irregular nuclear
membrane staining with NUP62 staining occasionally being lost in sporadic ALS
patient spinal cord (Aizawa et al., 2019; Kinoshita et al., 2009; Nagara et al., 2013;
Yamashita et al., 2017). Again, the irregular staining pattern might be owed to a
general misshape of nuclei in sporadic ALS patients. Nucleoporins NUP205, NUP50
and GP210 were mislocalised to the cytoplasm and NUP205 staining was reduced in
sporadic ALS patient spinal cord motor neurons in comparison to control spinal cord
(Chou et al., 2018; Shang et al., 2017). Sporadic ALS patient fibroblasts also showed
decreased active nuclear import of reporter cargo compared to control cells (Chou et
al., 2018).

Overall, a variety of transport factors are mislocalised in different types of ALS/FTD
often accompanied with defects in active nucleocytoplasmic transport. This indicates

that nucleocytoplasmic transport impairments are a common feature in ALS/FTD.

1.5.2 Nucleocytoplasmic transport disruptions in C9ORF72 ALS/FTD
A substantial notion that nucleocytoplasmic transport might be implicated in
C90RF72 ALS/FTD pathology came from modifier studies. A number of screens

have been performed identifying enhancers and suppressors of pathology in yeast
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expressing poly-PR, Drosophila expressing poly-GR, poly-PR or pure GGGGCC
repeats, a human cell line treated with poly-GR or -PR peptides and mouse cortical
neurons treated with poly-PR peptides or expressing poly-PR. In all these screens,
genes associated with nucleocytoplasmic transport such as nucleoporins, transport
receptors and factors involved in the Ran cycle have an effect on COORF72 mutation
mediated toxicity. Genes detected in more than one screen include transport
receptors Transportin 1, Importin 11, and Exportin 1, FG repeat containing nuclear
basket NUP50, outer ring NUP107 and Ran cycle regulators RCC1 and RanGAP1.
Transportin 1, Exportin 1 and RanGAP1 seem to have a protective effect while
reduced NUP107 expression seems to suppress toxicity. Importin 11, RCC1 and
NUP50 effects differ among studies suggesting a dual role or different roles in
different organisms for these genes (Boeynaems et al., 2016; Freibaum et al., 2015;
JovicCi¢ et al., 2015; Kramer et al., 2018; Lee et al., 2016; Zhang et al., 2015).
Furthermore, interactome studies showed that poly-GR and -PR interact with
transport receptors, nucleoporins and components of the Ran cycle (Boeynaems et
al., 2017; Hayes et al., 2020; Lee et al., 2016; Y. Lin et al., 2016).

Further studies indicated that nucleoporin localisation to the nuclear pore is affected
in C9ORF72 ALS/FTD. In salivary gland cells of a Drosophila model expressing the
C90RF72 repeat expansion outer ring Nup107 formed nuclear inclusions (Freibaum
et al., 2015a). The localisation of FG nucleoporins was not changed in a Drosophila
model expressing poly-GR or -GA compared to control flies, however (Solomon et
al., 2018).

In the cortex of mice expressing poly-GA in the brain, the transmembrane
nucleoporin POM121 co-localised with GA in inclusions. Mice expressing the
C90RF72 repeat expansion in the brain also showed cytoplasmic and nuclear
POM121 inclusions in the cortex (Zhang et al., 2016). FG nucleoporins including
NUP98 localised to GR inclusions in the cortex of a mouse model expressing poly-
GR in the brain (Cook et al., 2020). In line with this, in mice ubiquitously expressing
poly-GR FG repeat containing NUP62 and NUP98 nuclear membrane staining was
reduced compared to control mice and the nucleoporins formed cytoplasmic punctae
in the spinal cord (Gleixner et al., 2022). In the cortex of mice expressing poly-PR in
the brain, FG nucleoporins localised to nuclear invaginations and occasionally

colocalised with PR inclusions (Y. J. Zhang et al., 2019).
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CI90RF72 ALS iPSC-derived neurons have also exhibited pathology, including
reduced nuclear NUP62 staining and cytoplasmic NUP62 punctae compared to
isogenic controls (Gleixner et al., 2022) . Another in-depth study investigated isolated
nuclei of COORF72 ALS patient iPSC-derived spinal neurons with high resolution
microscopy. They found that transmembrane nucleoporins POM121, glycoprotein
210 (GP210) and Nuclear division cycle 1 (NDC1), FG repeat and nuclear basket
NUP50 and TPR, FG containing NUP98 and outer ring NUP107 and NUP133 were
reduced in these nuclei compared to control nuclei. The same nucleoporins, except
for GP210, were also reduced in neuronal nuclear protein (NeuN) positive nuclei
isolated from COORF72 patient motor cortex and, except for GP210 and NUP98, in
spinal cord compared to control tissue (Coyne et al., 2020). Inner ring NUP205 was
also found to be mislocalised to the nucleus (instead of sole nuclear membrane
localisation) in COORF72 ALS patient motor cortex (Zhang et al., 2015) while
NUP205 formed cytoplasmic punctae in another study in the same tissue (Chou et
al., 2018). In C9ORF72 ALS/FTD patient spinal cord and hippocampus central
channel NUP62 colocalised with phospho-TDP43 in the cytoplasm (Gleixner et al.,
2022) .

A number of studies give indications about the mechanism of nucleoporin
mislocalisation. Poly-PR was shown to directly interact with FG domains of Nup54
and Nup98 in vitro (Shi et al., 2017) which might contribute to mislocalisation in vivo.
In a human cell line over-expressing poly-GR, NUP62 localised to cytoplasmic GR
inclusion. These inclusions also stained positive for TDP43, stress granule markers
and RNA, a characteristic of mature stress granules (Gleixner et al., 2022) . This
could indicate that nucleoporins are recruited into DPR induced stress granules.
Indeed, in another study nucleoporins were shown to be recruited into stress
granules upon oxidative stress (K. Zhang et al., 2018). In the iPSC nuclei study
mentioned above, reduction of nucleoporins seemed to be caused by repeat RNA
rather than by DPRs or COORF72 haploinsufficiency as these changes could only be
caused by over-expression of COORF72 repetitive RNA but not of DPRs (Coyne et
al., 2020). This was possibly mediated by enhanced nuclear expression of
endosomal sorting complex protein Charged multivesicular body protein 7 (CHMP7)
involved in nuclear pore homeostasis. Over-expression of a nuclear export deficient
version of CHMP7 in control iPSC-derived neurons mimicked the nucleoporin loss
observed in COORF72 iPSC-derived neurons (Coyne et al., 2021).
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Transporter receptor function is also impaired in C9ORF72 ALS/FTD. Poly-GR and -
PR peptides but not any other DPR species directly bind importin 1 in vitro (Hayes
et al., 2020; Hutten et al., 2020). These DPRs also displace importin 1 from its
cargo with PR showing higher relative selectivity for importin 1 than GR (Hayes et
al., 2020). Furthermore, poly-GR and -PR but not poly-GP were shown to directly
interact with importins 5, 7 and 9, transportins 1 and 3 and solely poly-GR bound to
importins a1 and a3 (Hutten et al., 2020). These interactions might interfere with
active nucleocytoplasmic transport as impairments of this pathway were detected in
multiple cell models. In simple immunofluorescence experiments the localisation of
reporter cargos imported via the importin a/p pathway was more cytosolic in cell
lines expressing poly-GR, -PR or GGGGCC repeats, or C9ORF72 ALS patient
fibroblasts compared to control cells (Chou et al., 2018; Ortega et al., 2020; K.
Zhang et al., 2018). More reporter cargo being present in the cytoplasm would
suggest reduced active nuclear import of this cargo. In addition, a reporter cargo
containing the NLS of TDP43 (which is also transported by importin a/B) localised
more strongly to the cytoplasm in a human cell line expressing poly-GA compared to
control cells. However, in another study poly-GR and -PR expression did not change
the localisation of this reporter cargo in comparison to controls (Khosravi et al.,
2017). In line with this finding, treatment with or expression of poly-GR or -PR in
human cell lines or control iPSC-derived motor neurons had no effect on importin a/
mediated nuclear translocation of reporter cargo upon nuclear export inhibition
compared to controls, whereas expression of poly-GA in control iPSC-derived motor
neurons did reduce nuclear import compared to controls. Export of reporter cargo via
exportin 1 was not affected either by poly-GR or -PR treatment in a human cell line
compared to control cells (Vanneste et al., 2019). In a separate study, cytoplasmic
poly-GA expression (via coupling to an NES) reduced cytoplasmic localisation of a
reporter cargo which was solely cytoplasmic in control cells. This would suggest a
decrease in nuclear export via exportin 1 upon poly-GA expression. Upon export
inhibition nuclear localisation of importin a/f3 reporter cargo was decreased in cells
cytoplasmically expressing poly-GA in comparison to controls. Conversely, nuclear
expression of poly-GA had no effect on exportin 1 mediated export or importin a/
mediated import (Frottin et al., 2021). Hence, experiments investigating reporter
cargo localisation in fixed cells give conflicting results upon poly-GR and -PR effects

on active nuclear import. Importantly, in experiments following nuclear translocation
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live, poly-GR and -PR peptides but not any other DPR species decreased importin
a/B mediated nuclear import of reporter cargo in human cell lines (Hayes et al., 2020;
Hutten et al., 2020; Shi et al., 2017). Also, primary cortical neurons expressing the
C90RF72 repeat expansion and C9ORF72 ALS iPSC-derived neurons showed
reduced nuclear translocation of importin a/3 reporter cargo compared to control
cells (Giampetruzzi et al., 2019; Zhang et al., 2015). Importin 3 and transportin 1
mediated nuclear import of reporter cargo was decreased in cells treated with poly-
GR or PR but not with any other DPRs compared to untreated cells (Hayes et al.,
2020). Nuclear import of reporter cargo containing full length TDP43, which is also
imported via importin a/f3, was lowered in cells treated with poly-GR but not upon
poly-GP or PR-treatment compared to controls (Hutten et al., 2020). This indicates
that nuclear import inhibition of TDP43 might be mediated via poly-GR binding to
importin a. Live experiments clearly support the hypothesis of active nuclear import
inhibition by arginine containing DPRs. Nuclear RNA levels were also enhanced in a
human cell line expressing C9ORF72 repeat RNA or the repeat expansion, in
salivary gland cells of Drosophila expressing COORF72 repeats, and in COORF72
patient fibroblast or iPSC-derived cortical neurons (Chou et al., 2018; Freibaum et
al., 2015a; Frottin et al., 2021). This would suggest additional RNA export reduction
in COORF72 ALS/FTD.

Import receptors were mislocalised in COORF72 ALS/FTD models which might
contribute to transport defects. In a human cell line expressing poly-GA and in
salivary glands of Drosophila models expressing poly-GR or -GA importins a1 and
a3 formed cytoplasmic punctae (Frottin et al., 2021; Solomon et al., 2018). Importin
a1 and a5 also localised to GR inclusions in the cortex of a mouse model expressing
poly-GR in the brain (Cook et al., 2020). Nuclear depletion and cytoplasmic
accumulation of importin a3 was detected in COORF72 FTD patient frontal cortex.
This cytoplasmic importin a3 staining also occasionally overlapped with phospho-
TDP43 and poly-GR, -PR and -GA staining (Solomon et al., 2018). In COORF72 ALS
patient spinal motor neurons staining of importin 1 was reduced compared to
control cases (Xiao et al., 2015). However, in a quantitative histopathology study no
difference in the importin B1 staining pattern was detected between C9ORF72 ALS
patient motor neurons in spinal cord and motor cortex and control motor neurons in
the same tissues (Saberi et al., 2018). Thus, transport receptor mediated

nucleocytoplasmic transport is impaired in COORF72 ALS/FTD possibly by

49



mislocalisation of transport receptors and a reduction of their interaction capacity
with the nuclear pore.

The Ran gradient is also affected by the C9ORF72 mutation. The nuclear
cytoplasmic ratio of Ran was reduced in Drosophila S2 cells or a human cell line
expressing the COORF72 repeat expansion, in human cell lines expressing poly-GR
and in COORF72 ALS patient iPSC-derived neurons (Coyne et al., 2020; J. Lee et
al., 2020; P. T. Lee et al., 2020; Zhang et al., 2015). Ran also formed cytoplasmic
punctae in cells expressing poly-GR or -PR which colocalised with the stress granule
marker ataxin 2 (K. Zhang et al., 2018). RCC1, which catalyses the conversion of
RanGDP to RanGTP in the nucleus, was decreased in the nucleus of COORF72 ALS
patient induced neurons compared to control neurons. However, the localisation of
RANGAP1, which catalyses RanGTP hydrolysis in the cytoplasm, was not changed
in these cells (Jovicic et al., 2015). Rangap1l staining did not differ in salivary gland
cells of Drosophila expressing poly-GR or -GA compared to control flies, either
(Solomon et al., 2018). However, in the cortex of mice expressing poly-GA or
GGGGCC repeats in the brain RANGAP1 formed nuclear and cytoplasmic inclusions
which colocalised with poly-GA in the GA mouse model (Zhang et al., 2016). In a
mouse model expressing poly-PR in the brain RANGAP1 occasionally colocalised
with PR inclusions in the cortex (Y. J. Zhang et al., 2019). In contrast, cortical
RANGAPL1 staining did not differ between mice expressing poly-GR in the brain and
control mice (Y. J. Zhang et al., 2018). Patient tissue studies showed reduced
staining of RANGAP1 in COORF72 ALS patient spinal motor neurons compared to
control cases and nuclear mislocalisation and aggregation of RANGAP1 in
C90RF72 ALS patient motor cortex (Zhang et al., 2015). However, RANGAP1
localisation was not altered between COORF72 ALS patient motor neurons in spinal
cord and motor cortex and control neurons in a quantitative study (Saberi et al.,
2018). Hence, it is unclear whether RANGAPL1 is affected and contributes to
nucleocytoplasmic transport impairments in C9ORF72 ALS/FTD.

In summary, there is clear evidence of active nucleocytoplasmic transport
impairment in C9ORF72 ALS/FTD with likely implications of nucleoporins, transport
receptors and Ran. Due to the vital contribution of nucleocytoplasmic transport to
cellular function this likely contributes to disease pathology, particularly in relation to

the cytoplasmic mislocalisation of TDP-43.
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1.6 Thesis aims

Active nucleocytoplasmic transport has been quite extensively studied in the context

of C9ORF72 ALS/FTD as described above. However, passive nucleocytoplasmic

transport and the role of the nuclear pore and its permeability barrier in COORF72

pathology has not been systematically investigated. As this permeability barrier

ensures segregation and integrity of nuclear and cytoplasmic compartments, a

disturbance of this system could potentially have detrimental effects to cellular

function and viability. Therefore, the aims of my thesis were the following:

Analysis of passive nucleocytoplasmic defects in C9ORF72 ALS/FTD. To
this end, | optimised a quantitative passive nucleocytoplasmic transport assay
for live cell confocal imaging (chapter 3). This allowed for a study of passive
nuclear import of fluorescent reporter cargo of different sizes in cells treated
with C9ORF72 DPRs. The effects of COORF72 DPRs on passive TDP43

export were also evaluated in an immunofluorescence study (chapter 4).

Investigation of mechanisms of passive nucleocytoplasmic transport
impairments by DPRs. For this purpose, | compared the effects of a) a
known permeability barrier modulator on passive nucleocytoplasmic transport
with the effects of DPRs and b) the role of nucleic acids in nuclear cargo
retention. Furthermore, | analysed the effects of COORF72 DPRs on the
localisation of various nucleocytoplasmic transport factors in a high-

throughput immunofluorescence study (chapter 5).

Rescue of passive nucleocytoplasmic transport deficiency caused by
DPRs. | aimed to rescue passive nucleocytoplasmic transport deregulation,
thus, studied the effects of components known to interact with FG
nucleoporins on passive nucleocytoplasmic transport in the presence of DPRs
(chapter 5).

Study of disease relevance of passive nucleocytoplasmic transport

defects. | performed live passive nucleocytoplasmic transport confocal
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imaging studies in C9ORF72 ALS iPSC-derived neurons and in control iPSC-
derived neurons treated with arginine containing DPRs. Furthermore, |
investigated the localisation of nucleoporins, importins and Ran in C9ORF72
ALS iPSC-derived neurons conducting a high-throughput
immunofluorescence study (chapter 6).
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2 Materials and methods

2.1 Hela cell culture

2.1.1 Hela cell culture and passage

HeLa cells were cultured in complete media consisting of DMEM, high glucose with
GlutaMAX (ThermoFisher Scientific, #61965026) which was supplemented with

10 % fetal bovine serum (Supreme, South America, Pan Biotech, #P30-3031), 1 %
sodium pyruvate (100 mM, ThermoFisher Scientific, #11360039), 1 % non-essential
amino acids (100x, ThermoFisher Scientific, #11140035) and 1 % penicillin-
streptomycin (10,000 U/ml, ThermoFisher Scientific, #15140122). Cells were
typically grown in cell culture treated 75 cm? flasks (Nunc™ EasYFlask™,
ThermoFisher Scientific, #156499) and were incubated at 37°C, 5 % COa.

For passaging, cells were washed with 10 ml DPBS without calcium and magnesium
(1x, ThermoFisher Scientific, #14190169) and then treated with 1 ml trypsin-EDTA
(0.25 %, ThermoFisher Scientific, #25200072) for 5 minutes at 37°C, 5 % CO:a.
Trypsinisation was stopped by adding 10 ml complete media. The flask was rinsed
with the added media to detach any cells which still adhered to the flask and then
cells were transferred into a 15 ml tube. Cells were centrifuged at 300 x g for 5
minutes. The supernatant was aspirated to remove the trypsin and cells were
resuspended in an appropriate volume of complete media (e. g. 10 ml for a 1:10
split). The desired volume of the cell suspension was transferred to a flask
containing 25 ml complete media. The flask was tilted a few times to spread the cells
evenly and then incubated at 37°C, 5 % CO.. Typically, cells were passaged every
3-4 days.

2.1.2 Cryopreservation of Hela cells

Cells of a low passage were cryopreserved for long term storage in liquid nitrogen.
Cells were trypsinised and centrifuged as described above and then resuspended in
complete media containing 10 % DMSO (Hybri-Max™, Sigma-Aldrich, #D2650).
Cells were transferred into cryovials and then stored in freezing containers
(Nalgene® Mr. Frosty, Sigma-Aldrich, #C1562 or Corning®CoolCell™ Freezer
Container, Sigma-Aldrich, #CLS432000) at -70°C. After 48 hours cells were

transferred into liquid nitrogen for long term storage.
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2.1.3 Thawing of HelLa cells

To revive cryopreserved cells, vials were quickly thawed at 37°C and then cells were
transferred to a 15 ml tube. 8 ml complete media was added dropwise, and the tube
was gently shaken during the media addition to reduce the osmotic shock to the
cells. Cells were centrifuged at 300 x g for 5 minutes. The supernatant was
aspirated, cells were resuspended in 8 ml complete media and were transferred to a
75 cm? flask containing 17 ml complete media (25 ml total volume). Cells were then
incubated at 37°C, 5 % COa.

2.1.4 Poly-L-lysine coating

For cell membrane permeabilisation experiments (see below) HelLa cells were grown
on poly-L-lysine (0.01 %, Sigma-Aldrich, #P4707 or #P6282) coated 8-well (ibidi,
#80806) or 96-well (Perkin Elmer, #6055302) imaging plates. 8-well and 96-well
plates were coated with 200 ul and 80 pl poly-L-lysine solution, respectively and
incubated for 1 hour at room temperature. Plates were then washed three times with
sterile dH20, left to dry in the tissue culture safety cabinet and were then directly

used for cell plating.

2.1.5Hela cell plating

To plate HeLa cells for cell membrane permeabilisation experiments, cells were
trypsinised and centrifuged as described above. The cell pellet was resuspended in
a suitable volume (typically 5 ml per 75 cm? flask) of complete media. To count the
cells, 100 pl of the cell suspension were transferred to an Eppendorf tube and mixed
with 100 pl trypan blue stain (0.4 %, Sigma-Aldrich, #T8154 or NanoEnTek, #EBT-
001) to detect dead cells. 10 pl of this solution was placed into each chamber of an
EVE™ cell counting slide (NanoEnTek, #EVS-050) and cells were counted using a
Countess® Il FL automated cell counter (ThermoFisher Scientific). 1.5-2x10% cells in
400 pl complete media were plated per 8-well and 0.75-1x10* cells in 200 pl

complete media were used per 96-well.
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2.2 Induced pluripotent stem cell (iPSC) culture

2.2.1iPSC lines
IDin Age of onset/ Survival . . Number Original Reprogramming
ID . Sex |Genotype Diagnosis Type
thesis Age (months) of repeats sample method
CI90RF72
ORF3R1 line #1 female |C9ORF72 39 31 ALS/FTD FALS ~760 fibroblasts Retrovirus
ine
C90RF72
M211R2 line #2 male |C9ORF72 65 68 ALS FALS ~960 fibroblasts Retrovirus
ine
C90RF72 . .
DN19v4 line #3 male |C9ORF72 58 N/A ALS SALS ~638 fibroblasts Retrovirus
ine
Control . o
M104 . male - 40s - control - keratinocytes Lentivirus
line #1
Control . o
M315 . male - 40s - control - keratinocytes Sendai virus
line #2
Control o
C0070 line #3 female - 52 - control - lymphoblasts Sendai virus
ine

Table 2.1: Description of iPSC lines used in this PhD project.

All iPSC lines were provided to me by Agnes Nishimura of the Shaw group in our
department. Lines ORF3R1, M211R2 and DN19V4 were initially obtained from the
Chandran group at the University of Edinburgh. Dermal fibroblasts from patient
individuals to create these lines were obtained under full Ethical/Institutional Review
Board approval at the University of Edinburgh. Lines M211R2 and DN19V4 were
characterised by the Chandran group and contain RNA foci and express poly-GP, -
GR and -GA (Selvaraj et al., 2018). The ORF3R1 line was characterised by Agnes
Nishimura and team and contains RNA foci and expresses poly-GP. The M104 and
M315 lines were created and characterised by Graham Cocks at the Price group at
King’s College London (Deans et al., 2017). Donors for these lines were recruited,
and methods were carried out in accordance to the “Patient iPSCs for
Neurodevelopmental Disorders (PiNDs) study” (REC no. 13/LO/1218). Informed
consent was obtained from all subjects for participation in the PiINDs study. Ethical
approval for the PiNDs study was provided by the National Health Service (NHS)
Research Ethics Committee at the South London and Maudsley NHS R&D Office.
The C0070 line was created and characterised by Agnes Nishimura and team.
Lymphoblasts were obtained from blood donated to the European Collection of

Authenticated Cell Cultures.
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2.2.2 Induced pluripotent stem cell (iPSC) culture and passage

IPSCs were grown in Essential 8™ Flex (E8 Flex) media (ThermoFisher Scientific,
#A2858501) with 1 % antibiotic antimycotic solution (100x, Sigma-Aldrich, #A5955)
and were incubated at 37°C, 5 % COz2, 5 % O2. Cells were typically grown on
Geltrex™ coated (see below) 6-well plates (Nunc™, ThermoFisher Scientific,
#140675).

To split cells, media was aspirated and 1 ml EDTA (Versene®, 0.02 %, Lonza,
#BE17-711E or GibcoTM, #15040066) was added to each well. Detachment of cells
was observed under a phase contrast light microscope. Once cells sufficiently
detached (not exceeding a 10-minute incubation time) EDTA was aspirated, and the
well was rinsed with 3 ml E8 Flex media to detach colonies. The size of the cell
clumps was observed under the microscope and if necessary, they were broken up
into smaller clumps using a P1000 pipette (avoiding creating a single cell
suspension). Cells were transferred to new 6-wells (0.5 ml cell suspension per well)
containing 3 ml fresh E8 Flex media. Plates were moved back and forth to spread
cells and were carefully transferred to the incubator. Typically, cells were split every
three days, but this was dependent on cell line and confluency. Cells were fed with

fresh E8 Flex media every two days.

2.2.3 Cryopreservation of iPSCs

For long term storage iPSCs were cryopreserved in liquid nitrogen. Cells were
detached with EDTA as described above and wells were rinsed with E8Flex media
containing 10 % DMSO (Hybri-Max™, Sigma-Aldrich, #D2650). Cell clumps were
broken up as necessary and then transferred into cryovials which were incubated at -
70°C in freezing containers (as described above). After 48 hours cells were moved to

liquid nitrogen.

2.2.4 Thawing of iPSCs

Cells were thawed at room temperature and then transferred carefully to a 15 ml
tube containing 1 ml E8 Flex media with 1x RevitaCell™ supplement (100X,
ThermoFisher Scientific, #A2644501). Cells were centrifuged at 235 x g for 4
minutes. The supernatant was aspirated, and the bottom of the tube was gently
tapped to break up the pellet but keeping the colonies intact. 1.5 ml of E8 Flex media
with 1x RevitaCell™ supplement was slowly added, and cells were transferred to a
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Geltrex™ coated 6-well plate containing 1 ml E8 Flex media with 1x RevitaCell™ per
well. The plate was moved back and forth and side to side to disperse cells and was
then carefully transferred to the incubator.

The following day media was changed to E8 Flex media (without RevitaCell™)

except if confluency was very low and colonies were very small.

2.2.5 Geltrex™ coating

IPSCs and neural progenitors were grown on Geltrex™ (ThermoFisher Scientific,
#A1413302) coated cell culture 6-well plates. A Geltrex™ aliquot was slowly thawed
on ice and then diluted 1:100 in cold DMEM/F12 media with GlutaMAX™
supplement (ThermoFisher Scientific, # 31331028). Plates were coated with 1.5 ml
Geltrex™ solution per 6-well and stored at 37°C for a minimum of 2 hours and a
maximum of 2 weeks prior to cell plating. Geltrex™ solution was removed directly

prior to cell plating.

2.2.6 Poly-L-ornithine and laminin coating

IPSC-derived cortical neurons were cultured on poly-L-ornithine (0.01 %, Sigma-
Aldrich, #P4957) and laminin (Sigma-Aldrich, #L2020) coated 8-well (ibidi, #80806)
or 96-well (Perkin Elmer, #6055302) imaging plates. 8-well and 96-well plates were
coated with 200 ul and 80 pl poly-L-ornithine, respectively and then incubated over
night at 37°C. The following day plates were washed three times with DPBS. Laminin
was thawed slowly at 4°C. Plates were subsequently coated with 2 pg/cm? laminin in
cold DPBS. Plates were then incubated over night at 37°C. Prior to cell plating,
plates were washed once with DPBS.

2.3 Differentiating iPSCs into neural progenitor cells and cortical neurons —
embryoid body method

2.3.1 Creating embryoid bodies

To make embryoid bodies, E8 Flex media was removed from iPSCs and 1 ml EDTA

was added. Dissociation of cells was observed under a phase contrast light

microscope. Cells were incubated in EDTA for longer compared to passaging to

break up the colonies more substantially. Once cells had sufficiently dissociated

EDTA was carefully aspirated and 4 ml of E8 Flex media with 1x RevitaCell™ were

added. Cells were broken up into smaller clumps by triturating with a P1000 pipette
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using a wet pipette tip to prevent cells from sticking inside the tip. Cells were then
transferred onto an uncoated cell culture 6-well plate to form embryoid bodies and
were incubated at 37°C, 5 % COa.

The following day neural induction was started. Embryoid bodies were transferred to
a 15 ml tube and were let to sink by gravity for 2-5 minutes. The supernatant was
carefully removed and 4 ml neural induction media 1 (1:1 mix of Neurobasal™ media
(ThermoFisher Scientific, #21103049) and DMEM/F12 media with GlutaMAX™
supplement (ThermoFisher Scientific, #31331028) supplemented with, 0.5 % B-27
supplement (50x, ThermoFisher Scientific, #17504044), 0.5 % N-2 supplement (100
X, ThermoFisher Scientific, #17502001), 10 uM SB431542 (Tocris, #1614/1), 2 uM
dorsomorphin (Tocris, #3093/10), 1 uM CHIR99021 (Tocris, #4423/10) and 200 uM
L-ascorbic acid (Sigma-Aldrich, #A4403)) were added.

Two days after the start of neural induction the media was changed to 4 ml of neural
induction media 2 (same components as neural induction media 1 with the addition
of 100 nM EC23 (Cambridge Bioscience, #9002073)) as described above. Cells
were fed with neural induction media 2 every two days using the method described

above.

2.3.2 Neural progenitor cell expansion

Seven days after the start of neural induction, embryoid bodies were transferred to a
15 ml falcon, let to sink by gravity and the media was removed. 1 ml StemPro™
accutase™ (ThermoFisher Scientific, #A1110501) was added and cells were
incubated for 10 minutes at room temperature. After the initial 5 minutes the tube
was flicked, and cells were triturated using a P1000 pipette containing a wet pipette
tip. 1 ml of basic N2B27 media (1:1 mix of Neurobasal™ media and DMEM/F12
media with GlutaMAX™ supplement supplemented with 0.5 % B-27 supplement, 0.5
% N-2 supplement and 200 uM L-ascorbic acid) with 1x RevitaCell™ was added,
and cells were centrifuged at 235 x g for 4 minutes. The supernatant was carefully
removed, cells were resuspended in 3 ml basic N2B27 media with 1x RevitaCell™
and were transferred onto a Geltrex™ coated 6-well plate. Cells were fed with 3-5 ml
basic N2B27 media every two days.
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2.3.3 Passaging of neural progenitors

Once cells reach 100 % confluency, they were split 1:2 into fresh 6-wells. The media
was aspirated and 1 ml of accutase ™ was added. Cells were incubated for 10
minutes at room temperature and then 1 ml basic N2B27 media with 1x RevitaCell™
was added. Cells were spun down at 235 x g for 4 minutes. The supernatant was
aspirated, and cells were resuspended in an appropriate amount of basic N2B27
media with 1x RevitaCell™. Cells were then transferred onto 2 fresh Geltrex™
coated 6-wells.

2.3.4 Freezing of neural progenitors

For long term storage neural progenitors were cryopreserved in liquid nitrogen. Cells
were detached using accutase™ and centrifuged as described above. Cells were
resuspended in basic N2B27 media with 10 % DMSO and transferred into cryovials.
Cells were incubated in freezer containers at -70°C. 48 hours later cells were
transferred into liquid nitrogen.

2.3.5 Thawing of neural progenitors

Cells were thawed at room temperature and then transferred into a 15 ml tube
containing 1 ml basic N2B27 media with 1x RevitaCell™. Cells were centrifuged at
235 x g for 4 minutes. The supernatant was aspirated, and cells were resuspended
in an appropriate volume of basic N2B27 media with 1x RevitaCell™. Cells were
transferred onto Geltrex™ coated 6-well, 12-well or 24-well plates depending on cell

numbers.

2.3.6 Terminal differentiation of neural progenitors into cortical neurons

Cells were dissociated with accutase™ and spun down as described above. Cells
were resuspended in basic N2B27 media with 10 uM DAPT (Tocris, #2634/10). Cells
were passed through a 40 um cell strainer into a 50 ml tube to avoid plating cell
clumps. Cells were counted as described above. 2-3 x 10* cells in 400 pl basic
N2B27 media with DAPT per poly-I-ornithine/laminin coated (as described above) 8-
well were plated and 1x10* cells in 200 pl basic N2B27 media with DAPT per poly-L-

ornithine/laminin coated 96-well were used. The media was changed every two days.
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After three days in N2B27 media with DAPT, the media was changed to maturation
media (basic N2B27 supplemented with 10 ng/ml BDNF (Peprotech, #450-02) and
10 ng/ml GDNF (Peprotech, #450-10)). Cells were fed every two days.

2.4 Differentiating iPSCs into neural progenitor cells and cortical neurons —
neural induction kit method

2.4.1 Neural induction

IPSCs were passaged the day prior to neural induction and should be at 15 — 25 %
confluency when starting neural induction. The E8 Flex media was aspirated, and
2.5 ml pre-warmed complete neural induction media (Neurobasal™ media
supplemented with 1x neural induction supplement (50x, ThermoFisher Scientific,
#A1647801) and 1 % antibiotic antimycotic solution) was added. The following day
cells were checked for any non-neuronal colonies and if necessary, these colonies
were removed using a 10 pl pipette tip. Two days after the start of neural induction
the media was replaced with 2.5 ml pre-warmed fresh complete neural induction
media. Four and six days post neural induction, cells were fed with 5 ml pre-warmed
complete neural induction media. If cells were very confluent the media was also

changed on day 5 of neural induction.

2.4.2 Neural progenitor expansion

Seven days after the start of neural induction neural progenitors were harvested. The
media was aspirated, and cells were washed with 2 ml DPBS. 1 ml pre-warmed
accutase™ was added and cells were incubated at 37°C for 4 minutes until cells
were detached. To further dislodge the cells, wells were rinsed with 1 ml DPBS and
cells were transferred to a 15 ml tube. The cell suspension was gently triturated to
break up cell clumps and cells were passed through a 100 pum cell strainer into a 50
ml tube. Cells were centrifuged at 300 x g for 4 minutes. The supernatant was
aspirated, and cells were resuspended in 2 ml DPBS and were centrifuged at 300 x
g for 4 minutes. The supernatant was removed, and cells were resuspended in an
appropriate volume (typically 1 ml per 6-well) of pre-warmed neural expansion media
(1:1 mix of Neurobasal® media and Advanced™ DMEM/F12 media (ThermoFisher
Scientific, #12634010) supplemented with neural induction supplement and 1 %
antibiotic antimycotic solution) with 1x RevitaCell™. Cells were counted as described

above. 1x10° cells were plated onto each Geltrex™ coated 6-well. Plates were
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moved back and forth and side to side to spread cells evenly. The following day the
media was changed to neural expansion media (without RevitaCell™).

When cells reached 100 % confluency, they were split 1:2 into new Geltrex™ coated
6-wells. Cells were treated with accutase™ as described above. The well was rinsed
with 1 ml DPBS and cells were transferred to a 15 ml tube and centrifuged at 300 x g
for 4 minutes. The supernatant was aspirated, and cells were resuspended in 2 ml
DPBS. Cells were centrifuged at 300 x g for 4 minutes. The supernatant was
removed, and cells were resuspended in a suitable volume of neural expansion
media with 1x Revitacell™ or with 5 uM ROCK inhibitor Y27632 (Sigma-Aldrich,
#Y0503). Cells were transferred to Geltrex™ coated 6-well plates and incubated at
37°C, 5 % CO:2.The following day the media was replaced with neural expansion

media (without RevitaCell™).

2.4.3 Terminal differentiation of neural progenitors into cortical neurons

Neural progenitors needed to be grown to a passage of 5-10 to be used for terminal
differentiation. Media was aspirated and cells were washed with 2 ml DPBS. 1 ml of
pre-warmed accutase™ was added and cells were incubated at 37°C for 4 minutes.
Wells were rinsed with 1 ml DPBS to fully detach cells and cells were transferred to a
15 ml tube containing 10 ml DPBS. Cells were centrifuged at 200 x g for 4 minutes.
The supernatant was aspirated, and cells were resuspended in an appropriate
volume of neural expansion media. Cells were counted and 3x104 cells in 200 pl
neural expansion media were plated per poly-L-ornithine/laminin coated 8-well and
1.5x10% cells in 100 pl neural expansion media per 96-well. The following day the
same volume of Complete BrainPhys Neuronal media (BrainPhys Neuronal media
(Stemcell Technologies, #05793) supplemented with 1x SM1 supplement (50x,
Stemcell Technologies, #05793), 1x N2-A supplement (100x, Stemcell Technologies,
#05793), 1 % antibiotic antimycotic solution, 1 mM cAMP (Sigma-Aldrich, #D0627),
0.5 % FBS, 20 ng/ml BDNF, 20 ng/ml GDNF and 200 nM L-ascorbic acid) was
added. Cells were incubated at 37°C, 5 % CO2. Half the volume of media was

changed every three to four days.

2.4.4 Freezing of neural progenitors
For long term storage neural progenitors were cryopreserved in liquid nitrogen. Cells

were dislodged using accutase™, centrifuged and washed with DPBS as described
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above (cells were not passed through a cell strainer). Cells were resuspended in
neural expansion media with 10 % DMSO and transferred into cryovials. Cells were
incubated in freezer containers at -70°C. After 48 hours cells were transferred into

liquid nitrogen.

2.4.5 Thawing of neural progenitors

Cryovials were removed from liquid nitrogen and were thawed at 37°C. Cells were
gently transferred to a 15 ml tube. The cryovial was rinsed with 1 ml DPBS and the
DPBS was added dropwise to the cells in the 15 ml tube and the tube was moved
back and forth to reduce osmotic shock. Cells were centrifuged at 300 x g for 5
minutes. The supernatant was aspirated and cells were resuspended in a suitable
volume (typically 2-3 ml) of pre-warmed neural expansion media with 1x Revitacell™
or with 5 uM ROCK inhibitor Y27632. Cells were transferred onto a Geltrex™ coated
6-well plate and the plate was moved back and forth and side to side to equally
disperse cells. Plates were incubated at 37°C, 5 % COz2. The following day the media

was changed to neural expansion media (without Revitacell™ or ROCK inhibitor).

2.5 Passive nucleocytoplasmic transport assay

We adapted a protocol from the Lowe laboratory at University College London as
described in chapter 3.The principle of this assay is to permeabilise the cells’ plasma
membrane using digitonin leaving the nuclear membrane intact (semi-
permeabilisation). The cytoplasm contents were then washed out. Fluorescently
labelled proteins or fluorescently labelled dextrans (glucose polymers) were then
added and their passive transport into the nucleus was followed live via confocal
microscopy (see below).

Cells were plated 2 days prior to assay performance (see above). The assay working
volume was 200 pl (8-well plates). For the assay cells were washed with 1x DPBS
(Gibco, #14190094) once for 5 minutes. Half the volume of DPBS was removed and
cells were washed, by adding half the volume of DPBS (to reach the total volume
again), four times for 2.5 minutes. The entire volume of DPBS was removed and
cells were incubated in 200 ul 1x permeabilisation buffer (50 mM HEPES pH 7.3
(VWR, #J848), 50 mM potassium acetate (Sigma-Aldrich, #21190), 8 mM
magnesium chloride (Sigma-Aldrich, #63064) for 2 minutes. Half the volume of

permeabilisation buffer was removed and cells were permeabilised by adding 100 pl
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1x permeabilisation buffer supplemented with 100 pg/ml digitonin (Sigma-Aldrich,
#D141 or Cambridge Bioscience, #2082-1), 200 uM ATP (Roche, #10519979001),
200 uM GTP (Roche, # 10106399001), 8 mM creatine phosphate (Roche,
#10621714001) and 40 U/ml creatine kinase (Roche, #10127566001) for 10
minutes. As only half the volume was added final assay concentrations were half of
the values indicated here. Permeabilisation of wells was staggered as timings were
critical. Subsequently, cells were washed with 1x transport buffer (20 mM HEPES
pH7.3, 110 mM potassium acetate, 5 mM sodium acetate (Sigma-Aldrich, #52889),
2 mM magnesium acetate (Sigma-Aldrich, #M5661), 2 mM dithiothreitol (Roche,
#10197777001)) once for 5 minutes. Half the volume of transport buffer was
removed, and cells were washed with half-volume transport buffer twice for 2.5
minutes. Cells were then stained with 2 uM DAPI (Sigma-Aldrich, #D9542) in 1x
transport buffer for 15 minutes in the dark. Plates were then moved directly to the
microscope (see below).

Cells were treated with the desired compounds as indicated in section 2.6 and in the
results section immediately prior to imaging. To study passive import of fluorescently
labelled dextrans or GFP, 180 pl transport buffer was removed from a well while the
plate was under the microscope. These 180 ul were directly mixed with 20 pl 100
pg/ml FITC 20 kDa (Sigma-Aldrich, #FD20), FITC 40 kDa (Sigma-Aldrich, #FD40),
FITC 70 kDa (Sigma-Aldrich, #90718) dextrans or 20 uM GFP (abcam, #ab84191)
meaning the final assay concentration was tenfold lower than the values indicated
here. Image acquisition was started, and the reporter cargo transport buffer mixture
was placed back into the well during image acquisition. Images were taken every 2.5

seconds for 4 minutes.

2.6 Cell treatments

Cells were treated with the following compounds (dependent on experiment)

subsequent to the digitonin permeabilisation assay (see section 2.5).

2.6.1 Dipeptide repeat proteins
DPRs were custom synthesised by Cambridge Research Biochemicals and by
ThermoFisher Scientific. Fluorescently labelled versions of DPRs were N-terminally

labelled with Alexa Fluor 647 by the same companies. Upon receipt, DPRs were

63



dissolved in molecular biology grade water to create stocks of 10 and 1 mM and
were then stored at -80 °C. Sonication for about 5 rounds of 5 seconds was required
to dissolve poly-GA. For live imaging experiments, cells were treated with 10 uM
DPR in transport buffer for 30 minutes immediately prior to imaging. As only half-
volume exchanges were performed as described in section 2.5 a 20 uM DPR
solution was added to the cells, hence 100 pl DPR solution was added to cells in 100
pl transport buffer to yield a final assay concentration of 10 uM. Similarly, in
immunofluorescence experiments half the final volume of 20 or 100 uM DPR was
added to cells in transport buffer for a final assay concentration of 10 or 50 uM as
indicated in the results section, respectively. Cells were treated with DPRs for 30 to

120 minutes in immunofluorescence experiments as described in the results section.

2.6.2 Cyclohexanediol

Cells were treated with a final assay concentration of 14 % w/v of 1,2-trans-
cyclohexanediol (CHD; Sigma-Aldrich, #141712) in transport buffer for 15 minutes.
Half of the final volume of 28 % w/v CHD was added to the cells.

2.6.3RNAse A and DNAse |

For RNAse A treatment cells were washed once with PBS for 3 minutes after
digitonin permeabilisation and transport buffer washes. Cells were then treated with
half-volume 2 mg/ml RNAse A (Merck, #10109169001) in PBS for 15 minutes for a
final assay concentration of 1 mg/ml. Cells were then incubated in transport buffer for
a further 15 — 105 minutes before being fixed as described in section 5.3. For
Pyronin Y staining cells were incubated with 10 uM Pyronin Y (Sigma-Aldrich,
#P9172) in PBS for 5 minutes instead of DAPI staining within the workflow described
in section 2.7.1.

For DNAse | treatment cells were washed once with 5 mM MgCl2 HBSS (Gibco,
#14025092) for 3 minutes after digitonin permeabilisation and transport buffer
washes. Cells were then incubated with half volume 200 pg/ml DNAse | (Roche,
#10104159001) in 5 mM MgCl2 HBSS for 15 minutes. Cells were then kept in
transport buffer for a further 15 — 105 minutes before being fixed as indicated in

section 5.3.
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2.6.4 Wheat germ agglutinin

Cells were treated with half-volume 2 mg/ml wheat germ agglutinin (WGA; Sigma-
Aldrich, #L9640) in transport buffer to yield a final assay concentration of 1 mg/ml
WGA for 30 minutes. Subsequently cells were treated with DPRs for 2 hours (see

also section 5.5).

2.6.5Importin 31

Importin B1 (Novus Biologicals, #NBP1-78815) was supplied at a concentration of
2.51 pM in 20 mM Tris-HCI buffer (pH 8.0), 1 mM DTT, 30% glycerol, 0.1 M NaCl
and was stored in aliquots at -20°C. Cells were treated with 100 nM importin 31 in
transport buffer for 1 hour. Importin 81 treatment was performed prior to 30-minute
DPR treatment in live imaging experiments and after 1-hour DPR treatment in

immunofluorescence experiments (see also section 5.6).

2.7 Immunofluorescence

2.7.1 Immunofluorescence staining

In this study, HeLa cells were always permeabilised with digitonin until the last
transport buffer wash (see section 2.5) prior to immunofluorescence staining. As
cells were grown on 96-well plates for immunofluorescence experiments the assay
working volume was 60 pl. Cells were treated with the desired reagents as indicated
in the results section and were then directly fixed with 50 pl 4 % paraformaldehyde
(Generon, #04018-1) for 15 minutes. Cells were washed three times with 50 pl 1x
PBS, pH 7.4 (Thermo Fisher Scientific, #10010002) for 5 minutes. Subsequently,
cells were permeabilised with 50 pl 0.1 % Triton™ X-100 (Sigma-Aldrich, #T8787)
for 10 minutes. Cells were washed three times with 50 pl 1x PBS for 5 minutes and
then treated with blocking buffer (1 % BSA (Sigma-Aldrich, #86917) in PBS) for 1
hour. Primary antibodies diluted in blocking buffer as indicated below were added
and cells were incubated over night at 4°C. The following day cells were washed
three times with 1x PBS for 5 minutes. Secondary antibodies diluted in blocking
buffer as indicated below were added and cells were incubated for 1 hour in the
dark. Cells were washed twice with 50 pl 1x PBS for 5 minutes and were then
stained with 2 uM DAPI in PBS for 15 minutes in the dark. Cells were stored in 100

pl PBS at 4°C for a maximum of 1 week.
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Neurons were not permeabilised prior to immunofluorescence staining but the media

was removed, and cells were washed once for 5 minutes with 1x PBS. Half the

volume of PBS was removed, and cells were fixed in half the volume of 8 %

paraformaldehyde/4 % sucrose (Sigma-Aldrich, #50389) bringing the final

concentration to half of the indicated values. The remaining immunofluorescence

protocol was performed as described above.

2.7.2 Primary antibodies

Product

Target Host Isotype Source Code Dilution
i Cell Signaling
Histone H3 mouse IgG3 14269 1:100
Technology
hnRNP Santa Cruz
mouse lgG1 ] sc-32308 1:100
c1l/c2 Biotechnology
i Santa Cruz
Importin a1 mouse 1gG2b ) sc-55538 1:200
Biotechnology
Importin a3 rabbit 19G Sigma-Aldrich HPA045500 1:30
Importin B1 mouse IgG2a abcam ab2811 1:500
Lamin B1 rabbit 19G abcam ab16048 1:500
Lamin B1 mouse IgG1 Proteintech 66095-1 1:500
Mab414 mouse IgG1 BioLegend 902901 1:500
Map2 chicken IgY abcam ab92434 1:500
) ThermoFisher
Nup98 rabbit 1gG L PA5-87449 1:100
Scientific
Nup153 mouse lgG1 BioLegend 906201 1:100
Novus
Pom121 rabbit 19G ) ] NBP2-19890 1:250
Biologicals
Ran mouse IgG2a BD Biosciences 610340 1:50
Santa Cruz
RanBP2 mouse 1gG1 ] sc-74518 1:50
Biotechnology
Santa Cruz
RanGAP1 mouse IgG1 ) Sc-28322 1:100
Biotechnology
RCC1 rabbit 1gG Sigma-Aldrich HPAQ027574 1:50
TDP43 rabbit 1gG Proteintech 12892-1-AP 1:500
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2.7.3 Secondary antibodies

Product

Target Host Isotype Conjugate Source Code Dilution
Alexa Fluor )
Mouse Goat I9G Invitrogen A32723 1:500
Plus 488
] Alexa Fluor )
Rabbit Goat IgG Invitrogen A32731 1:500
Plus 488
Alexa Fluor )
Mouse Goat I9G Invitrogen A32727 1:500
Plus 555
) Alexa Fluor .
Rabbit Goat IgG Invitrogen A32732 1:500
Plus 555
Alexa Fluor .
Mouse Goat 19G Invitrogen A32728 1:500
Plus 647
) Alexa Fluor )
Rabbit Goat IgG Invitrogen A32733 1:500
Plus 647
) Alexa Fluor )
Chicken Goat 19G 633 Invitrogen A21103 1:500
2.8 Imaging

2.8.1 Live imaging on spinning disk confocal microscope

Cells were imaged on a Nikon Eclipse Ti Inverted spinning disk confocal System with
a Yokogawa CSU-X1 spinning disk unit and an Andor iXon EMMCD camera. A Plan
Apochromat 40x water immersion 1.1 NA lens was used. Samples were illuminated
with 405 and 488 nm lasers. 512x512 pixel images were acquired using PMT
detectors. DAPI (405 nm laser) acquisition parameters were: 150-300 ms exposure
time, 25 % laser power, gain multiplier 100 and conversion gain 3. FITC or GFP (488
nm laser) acquisition parameters were: 100 ms exposure time, 10 % laser power,
gain multiplier 100 and conversion gain 3. For HelLa cells, approximately 10 - 30
cells per well were imaged and 2 wells were used in each experiment. Experiments
were repeated at least 3 times. For iPSCs images of around 5-20 cells per well were
taken. 3 wells were imaged per experiment and experiments were repeated one to

two times (one to two rounds of differentiation).

2.8.2Imaging on Opera Phenix High Content Screening System
Immunostained cells were imaged on a Perkin EImer Opera Phenix High Content
screening system. A Plan Apochromat 40x water immersion 1.1 NA lens was used.

Samples were illuminated with 375, 488, 561 and 640 nm lasers. Images were taken
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in confocal mode. Exposure time and focal heights were individually determined per
experiment to achieve suitable fluorescent intensities and to place the cells in focus,
respectively. Laser power was always set to 100 %. Emission wavelength ranges
were 435-480 nm, 500-580 nm, 570-630 nm and 650-750 nm for DAPI, Alexa Fluor
488, Alexa Fluor 555 and Alexa Fluor 647, respectively. For both HeLa cells and
IPSCs, 10-13 fields of views were imaged with each field of view containing
approximately 50-300 cells. 2 wells per HelLa cell experiment were used with
experiments having been repeated three times. 3 wells were used per iPSC
experiment and experiments were repeated one to two times (one to two rounds of

differentiation).

2.8.3 Live imaging analysis

Images were analysed using the Nikon NIS-Elements AR 5.30.01 image analysis
software. Nuclei were selected via thresholding DAPI intensity levels. Thresholding
ranges were adjusted for individual experiments but were typically approximately
2000 — 65000. Settings were then fine-tuned using ‘smooth’ (typically 3-4 x),
‘separate’ (typically 1 x) and ‘fill holes’ (‘'ON’) applications. Nuclei were further filtered
by excluding small objects and objects touching borders and by setting a circularity
threshold (typically 0.88-0.9) to only analyse healthy cells. GFP and DAPI intensity
levels were detected in these selected nuclei over the recorded time course. Further

intensity normalisations are described in section 3.5.

2.8.4 Opera Phenix imaging analysis

Images taken on the Opera Phenix High Content Screening System were analysed
using the Harmony software. Within this software an image analysis sequence was
created. Nuclei were defined based on DAPI thresholding using built-in methods
choosing a method most suitable for variable intensities. From this nuclei population
a subpopulation was created based on DAPI intensities, size and circularity to only
include healthy nuclei. Where appropriate further subpopulations constituting the
nucleoplasm and the nuclear membranes were created by defining image regions.
Inner and outer borders of these image regions were adjusted to create
subpopulations of the desired nuclear compartment. DAPI intensity levels and

typically Alexa Fluor 488 and/or Alexa Fluor 647 intensity levels (based on
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secondary antibody staining) were detected in the defined nuclei, nucleoplasm and
nuclear membrane image regions.

For iPSC-derived neuron image analysis a cytoplasm region was also defined based
on the nuclei population created as described above. Definition of the cytoplasm
region was based on MAP2 staining and was also performed via built-in methods
choosing a method most accurately selecting the cytoplasm. Furthermore, as our cell
populations were not purely neuronal a neuron population was defined based on the
nuclei population. The neuron population was defined based on MAP2 intensity
levels and on nuclear size deselecting very small and very large nuclei. Neurites
were also detected based on MAP2 staining using a built-in method. The neuron
population was then further filtered to only consist of cells containing neurites using
the software RStudio version 4.1.1. DAPI intensity levels and typically Alexa Fluor
488 and Alexa Fluor 647 intensity levels were detected in the defined nuclei,
nucleoplasm and nuclear membrane and cytoplasm image regions of the neuron
population using the Harmony software. Background fluorescence was also detected
and was subtracted from measured nuclear, nucleoplasmic, nuclear membrane and

cytoplasmic fluorescence in the subsequent analysis.

2.9 Statistical analysis

2.9.1 Averaging of data

For HelLa cell live imaging experiments (import of reporter cargo) nuclear
fluorescence intensity values were averaged per experiment, thus the n numbers for
statistical analysis equalled the number of experiments and not the number of cells
(to not artificially drive statistical significance). The same average method was used
for iPSC live imaging experiments where poly-GR treatment was compared to non-
treatment in a control iPSC line. For iPSC live imaging experiments and
immunofluorescence experiments comparing genotypes (control vs COORF72
mutation) nuclear fluorescence intensity values were first averaged per cell line and
per round of differentiation (cells from a single round of differentiation were used per
experiment). These means were then averaged to obtain means per cell line (as
numbers of rounds of differentiation differed between cell lines), hence n numbers
used in statistical analysis equalled the number of cell lines per genotype. For
plotting iPSC immunofluorescence data, individual means of each cell line were

normalised to the overall mean of control lines (average of the three means of the
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control lines) to represent data of individual cell lines. To represent data per
genotype averages of the individual means of control lines and of COORF72 lines
were normalised to the overall mean of control lines. Error bars represent the
standard error of the mean of individual cell line means. For HeLa cell
immunofluorescence experiments data was not averaged for statistical analysis but
data was analysed using a multi-level model (see section 2.9.2). To plot HeLa cell
immunofluorescence data, fixed effect coefficient estimates from each individual
experiment were used. Coefficients were normalised to control coefficients of the
respective experiments and means of the normalised coefficients from individual
experiments were plotted. Error bars represent the standard error of the mean of

normalised coefficient means.

2.9.2 Statistical testing

All statistical analyses were carried out using the RStudio software version 4.1.1. For
analysis of live imaging results, a two-way repeated measures ANOVA was
performed. For HelLa cell results an additional Dunnett’s or Tukey’s post-hoc test
was performed to determine effects of different treatment types. This was obsolete
for iPSC live cell experiments as only two groups were compared (control vs
C90RF72 mutation or untreated vs poly-GR treatment; see also section 6.1). For
HeLa cell immunofluorescence experiments a multi-level model was fitted. The
different treatments were considered as fixed effects and the different experiments
(on different days) were denominated as random effects to account for variability
within experiments. For random effects, random intercepts and random slopes were
calculated within the model to account for potential different baseline intensity values
and potential different treatment effects between experiments, respectively. This
multi-level model was analysed using a type 11l ANOVA followed by a Dunnett’s post-
hoc test. For iPSC-derived neuron immunofluorescence experiments a two-sided t-

test was performed. P values < 0.05 were considered statistically significant.
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3 Optimisation of passive nucleocytoplasmic transport assay

We aimed to study passive nucleocytoplasmic transport in the context of COORF72
ALS/FTD in this project as this has not been studied systematically. Passive
nucleocytoplasmic transport is not dependent on transport receptors and on the Ran
gradient (see also 1.4.2). Thus, studying passive nucleocytoplasmic transport
dynamics in a disease context yields information about nuclear pore integrity and
function and about possible changes in interactions with proteins interacting with the
nuclear pore (see also 1.4.3). Mechanisms leading to any of these possible
alterations have not been elucidated so far. For the investigation of passive
nucleocytoplasmic transport, | used a cell permeabilisation assay. This is a classic
assay and we adapted a protocol obtained from the Lowe laboratory at University
College London (Lowe et al., 2015). Adaptation was necessary as we had a more
pathological focus than the Lowe study. We also initially attempted to use a different
cell line. Furthermore, we investigated different cargo systems with differing transport
dynamics and thus imaging timings had to be adjusted. Imaging and analysis also
had to be adapted on our microscope system. In addition, according to cargo
fluorescence and background a fluorescence signal normalisation method had to be

developed.

3.1 Basic principles of the nucleocytoplasmic transport assay

The basic principle of the transport assay is to specifically permeabilise the plasma
membrane whilst leaving the nuclear membrane intact. This allows to specifically
study transport into the nucleus without the need to deliver reporter cargo into a cell
or to account for translocation of cargo through the plasma membrane. The assay
workflow (see Figure 3.1) starts with the permeabilisation of the plasma membrane
with digitonin which does not break down the nuclear membrane. After washing
away the cytosol this yields intact nuclei. Nuclei are stained with DAPI to allow for
nuclei definition during image analysis. Fluorescently labelled reporter cargo can
then be directly added to the nuclei without having to overcome the plasma
membrane. FITC-labelled dextrans, inert glucose polysaccharides, of sizes of 20, 40
and 70 kDa and GFP were used as cargo in this project. This allowed to detect
differences in transport dynamics based on size and cargo type (dextran versus
GFP). Furthermore, investigating transport of the 70 kDa dextran gives information
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about the integrity of the nuclear pore’s permeability barrier as nuclear entry of cargo
of this size should be prohibited (see also section 1.4.2). The cells were grown in 8-
well chamber coverslips which allowed for cargo addition directly at the microscope.
This is essential to follow nuclear cargo uptake live and from the very beginning. As
cargo translocation is fast capturing nuclear import from the start is necessary to
investigate the transport reaction before it approaches saturation. Effects of potential
passive nucleocytoplasmic transport modifiers are also easier to detect when
general transport levels are high probably allowing for higher effect sizes. Therefore,
the nuclear import of cargo was imaged live every 2.5 seconds over a time course of
4 minutes using a spinning disk confocal microscope as this fully captures the
transport dynamics of our reporter cargo. This assay allows to measure passive
nucleocytoplasmic transport quantitatively and to compare different treatment

conditions.

3.2 Selection of cell type and coating agent

Initially, SH-SY5Y cells were used to perform the transport assay due to their
neuronal-like characteristics as we intended to study a neurodegenerative disease.
However, after permeabilisation these cells were washed away from the centre of
the well only staying adherent at the edges of the well (see Figure 3.2, top panel).
This was problematic for imaging as cells localised to the edge of a well tend to
clump and not be attached flat onto the surface. This made it difficult to maintain
focus potentially resulting in lower quality images. To overcome this problem the
coating agents, poly-L-lysine, poly-D-lysine and Cell-Tak were tested to enhance cell
adhesion. Unfortunately, washing away of SH-SY5Y cells could not be prevented by
the usage of coating agents (see Figure 3.2, second, third and last panel).

As Hela cells are highly adherent (Potthoff et al., 2012) this cell line was then trialled
as an alternative on uncoated and plates coated with the reagents mentioned above.
Whilst HeLa cells still detached from uncoated plates, they remained adherent on
coated wells regardless of the type of coating agent used (see Figure 3.3).
Therefore, HeLa cells were chosen for further experiments. As poly-L-lysine is the
most cost effective of the coating agents tested it was selected for future transport

assays.
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Figure 3.1: Schematic representation of nucleocytoplasmic transport assay workflow. Adapted from

Andersen et al., 2013.
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Figure 3.2: SH-SY5Y cells detach from surface upon permeabilisation. Light microscope images of SH-
SY5Y cells grown on plates coated with various coating agents as indicated. Left panel shows cells prior to start
of transport assay protocol. Right panel shows DAPI stained cells after permeabilisation with digitonin close to
edge of well. Scale bars in left panel: 200 um. Scale bars in right panel: 400 pm.
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Figure 3.3: HeLa cells remain attached to coated wells after permeabilisation. Light microscope images of
Hela cells grown on plates coated with various coating agents as indicated. Left panel shows cells prior to start
of transport assay protocol. Right panel shows DAPI stained cells after permeabilisation with digitonin. Scale bars
in left panel: 200 um. Scale bars in right panel: 400 pm.

3.3 Optimisation of wash steps
The nucleocytoplasmic transport assay requires several wash steps and buffer

exchanges (see also section 2.5). Whilst HeLa cells remained adherent after the
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permeabilisation step, considerable detachment was observed after subsequent
steps. Therefore, different washing methods were tested. For this experiment cells
were imaged on an Opera Phenix High Content Screening System as this allowed to
conveniently image a higher proportion of the well more rapidly compared to the
classic spinning disk microscope. As cells most likely detached because of the
perturbation created when adding liquid directly on top of the cells, only exchanging
half of the volume during a wash step was trialled. To maintain kinetics of washing
away the desired solution (added during a previous step of the assay protocol), the
timings of the washes were halved, and the number of washes doubled (i.e., 4 x 2.5-
minute washes instead of 2 x 5-minute washes). As shown in Figure 3.4 half volume
buffer exchanges significantly enhanced the adhesion of HelLa cells throughout the
entire assay workflow. Thus, this method was used for all subsequent passive

nucleocytoplasmic transport assays.

Full volume Half volume
exchange exchange

Figure 3.4: HeLa cells remain attached to well surface upon half-volume washes. Opera Phenix High
Content Screening System images of HelLa cells after being subjected to the nucleocytoplasmic transport assay
protocol. Left panel shows distribution of cells within the well after exchanging the entire volume of the well during
wash steps. Right panel depicts distribution of cells within the well when only half the well volume is exchanged

76



during wash steps. Several fields of views are merged in these images depicting a section of a 96-well. Scale
bar: 100 pm.

3.4 Selection of dextran concentration

After determining the optimal conditions for the permeabilisation assay monitoring of
cargo import was optimised. In a first step, different concentrations of 20 kDa dextran
were trialled. The optimal dextran concentration allows for imaging at a laser power
that is not cell damaging whilst not exciting the fluorophores to a level that results in
over-saturation of the image. In addition, the cargo should be capable of entering the
nucleus at quantifiable levels within the desired timeframe. Dextran concentrations of
10 and 100 pg/ml were tested. As depicted in Figure 3.5 the 20 kDa dextran could
clearly be visualised and detected within the nucleus after a 4-minute incubation
period at both concentrations. The dextran seemed to have an affinity for and thus,
accumulate within a nuclear structure which appeared to be the nucleolus (example
indicated by arrow in Figure 3.5).

At a standard laser power of 25 % a dextran concentration of 100 ug/ml resulted in
very high fluorescent signals for both the background (i.e., fluorescence of the cargo
in the media surrounding the nuclei) and the nucleus (see Figure 3.6 and Figure 3.7).
Values almost reached the saturation threshold of 65,000. A dextran concentration of
10 pg/ml, however, led to clearly detectable fluorescent levels which did not
approach saturation. 10 pg/ml was therefore the chosen dextran concentration for
further transport experiments. Fluorescence levels of the higher concentration could
have been reduced by changing the image acquisition settings. However, as the
more economic lower concentration yielded quantifiable results at standard imaging
settings this was not deemed necessary.

It is important that dextran is not depleted from the media to avoid a premature
plateau of the passive transport reaction before the end of the 4-minute imaging time
period. Furthermore, there should still be scope for potential enhancement of passive
nucleocytoplasmic transport levels by cell treatments. This was the case for both
dextran concentrations tested as fluorescence background levels (of cargo in the
media) and nuclear fluorescence levels (of cargo translocated to the nucleus) were
quite similar which indicates that there was still sufficient cargo available at the end

of the transport reaction.
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DAPI 20 kDa dextran

10 pg/mi
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Figure 3.5: Nuclear translocation of 20 kDa dextran at different concentrations. Spinning disk confocal
microscope images of semi-permeabilised HeLa cells after 4-minute incubation with 20 kDa dextran at different
concentrations as indicated. Left panel: DAPI channel. Right panel: FITC 20 kDa dextran channel. Arrow depicts
an example of dextran accumulation within the nucleolus. Note that brightness and contrast settings of images of
different dextran concentrations are similar but not equal to allow for visualisation of dextran in the nucleus. Scale
bars: 20 pum.
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Figure 3.6: Fluorescence levels of 20 kDa dextran in the media. Quantification of raw green background
fluorescence signal prior to addition of and after 4-min incubation of FITC-labelled 20 kDa dextran at
concentrations as indicated to permeabilised HeLa cells. Representative values of 1 well are shown.
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Figure 3.7: Nuclear levels of 20 kDa dextran after 4-minute passive transport reaction. Quantification of raw
green nuclear fluorescence signal prior to addition of and after 4-min incubation with FITC-labelled 20 kDa
dextran at concentrations as indicated with permeabilised HeLa cells. Mean values of nuclear intensities of cells
of 1 well are depicted. Error bars: SEM.

3.5 Determination of image analysis and normalisation strategy

As background fluorescent signals of cargo in the media were quite high as
discussed above, a normalisation strategy was required to detect and depict nuclear
cargo import in a meaningful manner. Firstly, it was tested whether dextrans of
different sizes and GFP could be visualised and detected under the same conditions
as the 20 kDa dextran. The 40 kDa dextran could also be detected within the
nucleus and accumulated at the nucleolus comparable to the 20 kDa dextran
(compare Figure 3.8 and Figure 3.9). GFP which is 27 kDa entered the nucleus as
well but was distributed equally throughout the nucleus (see Figure 3.10). Import into
the nucleus was not seen for the 70 kDa dextran (see Figure 3.11) which was
expected as it is larger than the nuclear pore permeability threshold of 40 kDa (see
also section 1.4.2; (Mohr et al., 2009)). The exclusion of the 70 kDa dextran from the
nucleus indicated that assay conditions mimicked physiological nucleocytoplasmic
transport characteristics and did not lead to nuclear damage but maintained the
permeability barrier of the nuclear pore. Import of cargo was followed and quantified
over a time course of 4 minutes as this timeframe showed sufficient nuclear
translocation of the 20 kDa dextran in section 3.4. Importantly, background

fluorescence levels were stable over time (see Figure 3.13). Replicates, which
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showed a fluctuation of background levels of more than 10 % were excluded from
the analysis.

Whilst entry of cargo could clearly be detected from the microscope images it was
less obvious when plotting raw nuclear fluorescence values (see Figure 3.12).
Noticeably, a nuclear fluorescence signal was still detected for the 70 kDa dextran as
soon as dextran was added. This was also the case for the smaller dextrans and for
GFP and their nuclear fluorescence only minimally increased over time. This
indicated that fluorescence bleed through from background dextran in the media in
planes above or below the nuclei was occurring. To account for this phenomenon,
the nuclear fluorescence levels of an early timepoint just after the cargo was added
and before cargo import had a significant chance to occur (see Figure 3.8, Figure
3.9, Figure 3.10 and Figure 3.11, top panel) were subtracted from nuclear
fluorescence levels of all subsequent time points (see Figure 3.14). This resulted in
clearer depiction of cargo entry into the nucleus and of the exclusion of the 70 kDa
dextran from the nucleus. To allow for comparison between different cargo types (as
inherent fluorescence levels of cargoes differ) the adjusted nuclear fluorescence
signal was then divided by the background signal of the according time point (see
Figure 3.15). This was also required because of potential variation from different
dextran and GFP batches, from slight differences in pipetting, from a change in
microscope setup (e.g., after servicing) and from undetectable environmental
perturbances (e.g. slight change in airflow). As shown in Figure 3.15 GFP showed
the highest import rates after a 4-minute incubation time, followed by the 20 kDa
dextran and then the 40 kDa dextran. No nuclear import of the 70 kDa dextran was
detected. Entry of cargo into the nucleus occurred quickly with the slope of the
curves being steepest at early time points and flattening over time. The majority of
import took place within the first 2 minutes of incubation (additionally see Figure 3.8,
Figure 3.9 and Figure 3.10). Interestingly, at early time points import of 20 kDa
dextran was faster and occurred at higher rates than import of GFP.

Overall, this optimised passive nucleocytoplasmic transport assay led to expected
and reliable results which were comparable between multiple replicates. It allowed
for quantification of passive nuclear import and for the detection of differences in
import rates of cargo of varying sizes. Thus, it is a suitable system to investigate
nucleocytoplasmic transport in a quantitative manner in physiological and

pathological conditions.
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DAPI 20 kDa dextran

Figure 3.8: Passive nuclear import of 20 kDa dextran over time. Spinning disk confocal microscope images of
semi-permeabilised HelLa cells at various timepoints as indicated after incubation with 20 kDa dextran. Left panel:

DAPI channel. Right panel: FITC 20 kDa dextran channel. Scale bar: 20 pm.
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DAPI 40 kDa dextran

Figure 3.9: Passive nuclear import of 40 kDa dextran over time. Spinning disk confocal microscope images of
semi-permeabilised HelLa cells at various timepoints as indicated after incubation with 40 kDa dextran. Left panel:

DAPI channel. Right panel: FITC 40 kDa dextran channel. Scale bar: 20 um.
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DAPI GFP

Figure 3.10: Passive nuclear import of GFP over time. Spinning disk confocal microscope images of semi-
permeabilised HelLa cells at various timepoints as indicated after incubation with GFP. Left panel: DAPI channel.

Right panel: GFP channel. Scale bar: 20 um.
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DAPI 70 kDa dextran

Figure 3.11: Nuclear translocation of 70 kDa dextran is prohibited. Spinning disk confocal microscope
images of semi-permeabilised HeLa cells at various timepoints as indicated after incubation with 70 kDa dextran.

Left panel: DAPI channel. Right panel: FITC 70 kDa dextran channel. Scale bar: 20 pm.
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Figure 3.12: Raw nuclear fluorescence levels of cargo only slowly increase over time. Quantification of raw
nuclear fluorescence depicting nuclear import of different reporter cargo species as indicated over time in
permeabilised Hela cells. 20 kDa dextran is shown in red, 40 kDa dextran in blue, 70 kDa dextran is depicted in
green and GFP in purple. Means of experimental means (of individual cells) are depicted. N = min. 3. Error bars:
SEM.
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Figure 3.13: Fluorescence background levels of cargo in the media remain stable over time. Quantification
of raw background fluorescence of different reporter cargo species as indicated over time after incubation with
permeabilised HeLa cells. 20 kDa dextran is shown in red, 40 kDa dextran in blue, 70 kDa dextran is depicted in
green and GFP in purple. Means of experimental means (of individual wells) are depicted. N = min. 3. Error bars:
SEM.
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Figure 3.14: Detection of passive nuclear import of reporter cargos upon nuclear background
normalisation. Quantification of nuclear fluorescence normalised to nuclear background (determined as a
timepoint just after cargo addition) showing nuclear import of different reporter cargo species as indicated over
time in permeabilised HelLa cells. 20 kDa dextran is shown in red, 40 kDa dextran in blue, 70 kDa dextran is
depicted in green and GFP in purple. Means of experimental means (of individual cells) are depicted. N = min. 3.
Error bars: SEM.
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Figure 3.15: Final fluorescence signals after normalisation process determining passive nuclear import
rates. Quantification of nuclear fluorescence normalised to nuclear and general background showing nuclear
import of different reporter cargo species as indicated over time in permeabilised HeLa cells. 20 kDa dextran is
shown in red, 40 kDa dextran in blue, 70 kDa dextran is depicted in green and GFP in purple. Means of
experimental means (of individual cells) are depicted. N = min. 3. Error bars: SEM.
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3.6 Discussion

In this section | determined the optimal conditions for a passive nucleocytoplasmic
transport assay providing a reductionist system to determine potential changes to
passive nucleocytoplasmic transport in COORF72 ALS/FTD. Our cell line of choice
for these experiments would have been the neuroblastoma cell line SH-SY5Y due to
its neuronal-like characteristics and its potential to be differentiated into neurons.
However, because of the issues regarding its adhesion to imaging plates HelLa cells
had to be used instead. A potential caveat in using a less neuronal-like cell line is
that the composition of the nuclear pore might differ more from those found in
neurons of the human brain. Indeed, stoichiometry of nucleoporins differs between
several human cancer cell lines (HeLa cells but not SH-SY5Y cells have been
included in the comparison of Ori and colleagues) and between various human
tissues. However, the types of nucleoporins present within the nuclear pore do not
differ between cell lines and tissues investigated (Ori et al., 2013) . It seems likely
that stoichiometry of nucleoporins would even differ between SH-SY5Y cells and
human neurons. This highlights the importance of confirming findings of transport
experiments with cell lines in a more physiological model system independent of the
type of human cancer cell line used.

The cargo molecules used for the transport experiments are referred to as inert as
they do not interact with the FG domains of nucleoporins (see also section 1.4.1)
within the central channel of the nuclear pore (Frey et al., 2018). This allows to
specifically study passive diffusion through the nuclear pore and to directly detect
potential changes to nuclear pore permeability in disease. Passive diffusion
becomes increasingly difficult for larger molecules (Mohr et al., 2009). This was
reflected in the results of my study where the 20 kDa dextran showed higher import
rates compared to the 40 kDa dextran. Interestingly, GFP which is 27 kDa entered
the nucleus at increased levels compared to the 20 kDa dextran. This can potentially
be explained by GFP’s composition of multiple hydrophobic residues which facilitate
weak interactions with FG domains which in turn results in enhanced transport rates
(Frey et al., 2018). As expected, the 70 kDa dextran was not capable of entering the
nucleus as it exceeds the size threshold of approximately 40 kDa of the size barrier
of the nuclear pore (Mohr et al., 2009). This clearly demonstrates that

permeabilisation conditions in the optimised nucleocytoplasmic transport assay are
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not interfering with nuclear integrity. However, permeabilisation of the cell membrane
and removal of the cytoplasm during the assay will likely interfere with ion
concentrations as cytoplasmic components including ions have been removed and
replaced with transport buffer. The transport buffer is designed to mimic cytoplasmic
ion concentration but will unlikely constitute the perfect replacement. Thus, ion efflux
from the nucleus might occur due to a change in ion concentration outside of the
nucleus. This might interfere with nuclear pore function as has been shown upon
calcium depletion from the perinuclear space (between inner and outer nuclear
membrane) (Sarma and Yang, 2011). A change in ion concentration might also lead
to a change in nuclear pH levels of semi-permeabilised cells which could affect the
hydrogel within the central channel of the nuclear pore and thus nuclear pore
permeability as liquid-liquid phase separation is influenced by pH (Alberti and
Dormann, 2019). However, the transport buffer system should maintain physiological
pH levels but slight pH fluctuations cannot be ruled out. Due to low protein
concentration in the transport buffer passive export of nuclear proteins might also be
enhanced and more susceptible to stressors in semi-permeabilised cells compared
to intact cells. Nevertheless, even though the passive nucleocytoplasmic transport
assay constitutes a reductionist system main characteristics of nuclear pore
permeability (such as nuclear exclusion of 70 kDa dextran) are maintained as
discussed above.

A potential caveat of accurately depicting cargo import levels was the accumulation
of dextrans within the nucleolus of the cells. As dextrans became “trapped” in the
nucleus and did not diffuse out of the nucleus again, levels of nuclear fluorescence
might have been over-estimated. However, nuclear fluorescence levels of GFP
which did not accumulate within the nucleolus were still higher at most time points
compared to fluorescence of 20 and 40 kDa dextrans. In addition, investigations of
this project on potential effects by cell treatments on nucleocytoplasmic transport will
be compared to untreated cells separately for each cargo type. Hence, the over-
estimation of maximum import levels is probably negligible.

| adapted the nucleocytoplasmic transport assay so | can quantitatively measure
passive nuclear import rates. This required the development of a normalisation
strategy to account for bleed-through fluorescence from the cargo pool in the media.
Therefore, nuclear fluorescence levels at an early timepoint of the reaction before

nuclear cargo translocation occurred were subtracted from nuclear fluorescence
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levels at all subsequent timepoints. This was followed by dividing these values by the
background fluorescence from cargo in the media at respective timepoints to
account for potential changes in cargo fluorescence under different experimental
conditions. This allows for comparison between experiments. Using this
normalisation strategy passive nuclear import of cargo of different sizes can easily
be detected and quantified. In summary, this transport assay reflects the
physiological properties of the nuclear pore and presents a platform to quantitatively

test the impact of pathological conditions on the nucleocytoplasmic transport system.
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4 Effect of C9ORF72 DPRs on passive nucleocytoplasmic

transport

As outlined in the introduction (see section 1.5.2) several lines of evidence exist
which indicate that nucleocytoplasmic transport is affected in the context of the
C90RF72 mutation. With regards to active nucleocytoplasmic transport dynamics,
shuttling of fluorescent reporter cargo was changed in human cell lines treated with
GR polypeptides (Hutten et al., 2020), in GR- and PR-polypeptide treated primary
cortical neurons (Hayes et al., 2020) and in C9ORF72 patient iPSC-derived neurons
(Zhang et al., 2015). To add on to these studies we wanted to first study the specific
influence of the different COORF72 DPR species on passive nucleocytoplasmic
transport. Passive nucleocytoplasmic transport does not depend on transport
receptors and Ran but only on the nuclear pore itself. Therefore, these experiments
also give information about the functionality of the nuclear pore and about the
integrity of its permeability barrier (which should restrict entry of large cargo) upon
DPR treatment. To this end, we monitored nucleocytoplasmic transport of 20, 40 and
70 kDa dextrans and GFP using the optimised assay described in chapter 3 in HeLa
cells treated with all five different DPR species in the form of polypeptides to test
whether C9ORF72 DPRs change the import rate and maximum import levels of
reporter cargo or have an effect on the permeability barrier of the nuclear pore. It is
also of note that ALS/FTD hallmark proteins TDP43 and FUS are likely to be, at least
partially, passively exported from the nucleus (Archbold et al., 2018; Ederle et al.,
2018; Pinarbasi et al., 2018). Therefore, we studied the nuclear export of
endogenous proteins, namely the shuttling protein TDP43 and the exclusively
nuclear proteins hnRNP C1/2 and histone H3, in semi permeabilised HelLa cells
treated with different COORF72 DPR species. This allowed us to investigate whether
a change in passive nucleocytoplasmic transport may play a direct role in the

cytoplasmic mislocalisation of TDP43 in ALS/FTD.

4.1 Impact of C9ORF72 DPRs on passive nuclear import of reporter cargo

To study how COORF72 DPRs affect the nucleocytoplasmic transport of fluorescent
20, 40 or 70 kDa dextran and GFP, HelLa cells were subjected to permeabilisation
and then treated with 10 uM of the different COORF72 DPRs for 30 minutes

immediately prior to following the import of the reporter cargo for 4 minutes at the
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Figure 4.1: Effects of different COORF72 DPR species on passive nuclear import of 20 kDa dextran.
Spinning disk confocal microscope images of semi-permeabilised untreated HeLa cells and cells treated with 10
puM of different DPR species as indicated for 30 minutes after 4-minute incubation with 20 kDa dextran. Left
panel: DAPI channel. Right panel: FITC 20 kDa dextran channel. Scale bar: 20 um.
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Figure 4.2: Arginine-containing C9ORF72 DPRs increase nuclear import of 20 kDa dextran. Quantification
of passive nuclear import of 20 kDa dextran (shown as nuclear fluorescence normalised to nuclear and general
background) over time in semi-permeabilised untreated or DPR treated HelLa cells. Untreated condition depicted
in red, GP20 treatment in blue, PA20 in green, GR20 in purple, PR20 in orange, GA10 in yellow. Means of
individual experimental means are depicted. N = min. 3. Error bars: SEM. **** p < 0.0001 (GR20 and PR20), * p
< 0.05 (GA10) vs untreated cells with two-way repeated measures ANOVA and Dunnett’s post hoc test.

microscope. As shown in Figure 4.1 the 20 kDa dextran clearly translocated into the
nucleus accumulating in nuclear structures potentially constituting nucleoli as
established in chapter 3. GP20 and PA20 treated cells showed similarly bright nuclei
as untreated cells suggesting similar passive import rates in these cells. Nuclei of
GR20 and PR20 treated cells were distinctly brighter than those of untreated cells
showing significant dextran accumulation in potential nucleolar structures and at the
nuclear membrane. GA10 treatment also allowed for nuclear entry of the 20 kDa
dextran but nuclei were slightly darker and exhibited less dextran accumulation in
nuclear structures than those of untreated cells. This indicates potential lower levels
of passive nuclear translocation in GA10 treated cells than in untreated cells. The
guantification of passive nuclear import corroborated the imaging findings as
depicted in Figure 4.2. The DPR peptides GP20 and PA20 did not have an effect on
20 kDa dextran import as transport curves showed a very similar slope and

maximum. The arginine containing DPR species GR20 and PR20 led to a drastic
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DAPI 40 kDa dextran

Figure 4.3: Influence of different COORF72 DPR species on passive nuclear import of 40 kDa dextran.
Spinning disk confocal microscope images of semi-permeabilised untreated HelLa cells and cells treated with 10
pM of different DPR species as indicated for 30 minutes after 4-minute incubation with 40 kDa dextran. Left
panel: DAPI channel. Right panel: FITC 40 kDa dextran channel. Scale bar: 20 pm.
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Figure 4.4: Arginine-containing C90RF72 DPRs enhance nuclear import of 40 kDa dextran. Quantification
of passive nuclear import of 40 kDa dextran (shown as nuclear fluorescence normalised to nuclear and general
background) over time in semi-permeabilised untreated or DPR treated HelLa cells. Untreated condition depicted
in red, GP20 treatment in blue, GR20 in purple, PR20 in orange. Means of individual experimental means are
shown. N = min. 3. Error bars: SEM. **** p < 0.0001 vs. untreated cells with two-way repeated measures ANOVA
and Dunnett’s post hoc test.

increase in import of 20 kDa dextran. The maxima of the average transport curves
were 4- and 5-fold higher for GR20 and PR20, respectively, compared to the
average untreated condition. These results were highly significant with a p value of
2.38x10 1 for poly-GR and a p value of 1.18x10-* for poly-PR treatment (Dunnett’s
post-hoc test). Curves were steeper indicating that the transport speed was also
increased by the arginine containing DPR species. Notably, the increase in 20 kDa
dextran reaching the nucleus could already be seen very early after only 20 seconds.
On the contrary, GA10 treatment led to a slight and significant decrease with a p
value of 0.047 (Dunnett’s post-hoc test) in nuclear import of 20 kDa dextran lowering

import levels and speed.

As GR20 and PR20 treatment had the most drastic effect on passive nuclear import
we decided to focus on these DPRs and to use GP20 as a control for the remaining
cargos. As depicted in the images of Figure 4.3 and the quantification in Figure 4.4
GP20 did not alter the import dynamics of 40 kDa compared to the untreated
condition. However, GR20 and PR20 treatment led again to a significant increase in
nuclear import (p = 2.66x101 for poly-GR and p = 1.21x10*! for poly-PR treatment,
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DAPI GFP

Figure 4.5: Effects of different COORF72 DPR species on passive nuclear import of GFP. Spinning disk
confocal microscope images of semi-permeabilised untreated HelLa cells and cells treated with 10 uM of different
DPR species as indicated for 30 minutes after 4-minute incubation with GFP. Left panel: DAPI channel. Right
panel: GFP channel. Scale bar: 20 um.
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Dunnett’s post-hoc test). Maximum import levels were 2.5 times higher compared to
untreated cells, so the transport enhancement was less distinct than for the 20 kDa
dextran. Interestingly, a rise in transport efficiency only became obvious at later
timepoints compared to the 20 kDa dextran. Transport speed seemed to be

increased by the arginine containing DPRs, but again to a lesser extent than for the
20 kDa dextran.
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Figure 4.6: Arginine-containing C90RF72 DPRs lead to slightly increased nuclear import of GFP.
Quantification of passive nuclear import of GFP (shown as nuclear fluorescence normalised to nuclear and
general background) over time in semi-permeabilised untreated or DPR treated HelLa cells. Untreated condition
depicted in red, GR20 in purple, PR20 in orange. Means of individual experimental means are plotted. N = 3.
Error bars: SEM. **** p < 0.0001 vs untreated cells with two-way repeated measures ANOVA and Dunnett’s post
hoc test.

As shown in Figure 4.5 GFP passive nuclear import was increased upon PR20 and
GR20 treatment compared to untreated cells with GR20 having a stronger effect
than PR20. These effects were highly significant with a p value of 3.58x10° for poly-
GR and a p value of 2.1x10¢ for poly-PR treatment (Dunnett’s post-hoc test). GFP
nuclear translocation rose by about 1.5-fold and 2-fold upon PR20 and GR20
treatment, respectively, as depicted in Figure 4.6. The slopes of all import curves
were very similar indicating that GR20 and PR20 did not significantly change the
transport speed of GFP. The effects of GR20 on GFP nuclear import varied as
indicated by the large error bars. In some experiments GR20 treatment greatly
enhanced nuclear brightness compared to untreated cells as depicted in Figure 4.5

while the effect was more subtle in other experiments.

96



DAPI 70 kDa dextran

untreated

GP20

GR20

PR20

Figure 4.7: Influence of different COORF72 DPR species on passive nuclear import of 70 kDa dextran.
Spinning disk confocal microscope images of semi-permeabilised untreated HelLa cells and cells treated with 10
uM of different DPR species as indicated for 30 minutes after 4-minute incubation with 70 kDa dextran. Left
panel: DAPI channel. Right panel: FITC 70 kDa dextran channel. Scale bar: 20 pm.
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Figure 4.8: GR20 treatment leads to import of 70 kDa dextran at low levels. Quantification of passive nuclear
import of 70 kDa dextran (shown as nuclear fluorescence normalised to nuclear and general background) over
time in semi-permeabilised untreated or DPR treated HelLa cells. Untreated condition depicted in red, GP20
treatment in blue, GR20 in purple, PR20 in orange. Means of individual experimental means are plotted. N = 3.
Error bars: SEM. **** p < 0.0001 vs untreated cells with two-way repeated measures ANOVA and Dunnett’s post
hoc test.

The 70 kDa dextran did not enter the nucleus in untreated cells due to the size-
restrictive permeability barrier of the nuclear pore as depicted in the images of Figure
4.7 and the quantification of Figure 4.8. This barrier was preserved when cells were
treated with GP20 or PR20. However, GR20 treatment allowed for slow (only starting
after about 30 seconds) low level import of 70 kDa (p = 1.19x10%4, Dunnett’s post-
hoc test) indicating that the permeability barrier was slightly affected by GR20.

Overall, GR20 led to an enhancement of passive nucleocytoplasmic transport for all
reporter cargo species having the highest impact on the 20 kDa dextran, the smallest
cargo and the lowest on the 70 kDa dextran, the largest cargo. PR20 treatment had
no effect on the import of the 70 kDa dextran. However, PR20 enhanced the
transport of all other cargo species again having the largest effect on the smallest
cargo, the 20 kDa dextran. GP20 and PA20 did not affect the import of any reporter
cargo while GA10 led to a small reduction in nucleocytoplasmic transport of the 20
kDa dextran. Thus, arginine containing DPR species seemed to have a particularly
strong effect on nucleocytoplasmic transport leading to a significant increase of

passive nuclear import of several reporter cargoes.
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4.2 Impact of a fluorescent tag on the effect of arginine containing C9ORF72

DPRs on passive nucleocytoplasmic transport
As we intended to further investigate how the arginine containing COORF72 DPRs
caused a rise in passive nucleocytoplasmic transport we wanted to visualise the
localisation of these DPRs during the transport assay experiment. To this end we
used DPRs containing an N-terminal tag of the fluorescent dye Alexa Fluor 647. We
again observed the import of 20, 40 and 70 kDa dextran and GFP in the presence of
Alexa Flour 647-labelled GR20 and PR20. This allowed us to monitor the localisation
of these DPRs within the nucleus during cargo import. As shown in Figure 4.9,
Figure 4.11, Figure 4.13 and Figure 4.15 GR20 and PR20-Alexa Fluor 647 were
mainly found at the nuclear membrane, nuclear structures possibly constituting
nucleoli and at areas surrounding the nuclei which most likely consisted of plasma
membrane residues which had not been washed away during the permeabilisation
assay.
In terms of the effect on reporter cargo transport by the labelled DPRs the results
were rather surprising. The nuclear import of the 20 kDa dextran was not increased
by Alexa Fluor 647-tagged GR20 and PR20 but instead was slightly decreased as
shown in Figure 4.9 and Figure 4.10. Thus, Alexa Fluor 647 tagged GR20 and PR20
had the exact opposite effect on 20 kDa dextran transport compared to their
untagged counterparts.
The picture was very similar for the 40 kDa dextran with Alexa Fluor 647 labelled
GR20 and PR20 treatment leading to a reduction in transport levels of this reporter
cargo as indicated in Figure 4.11 and Figure 4.12 instead of an enhancement as we
had observed for unlabelled GR20 and PR20.
Interestingly, Alexa Fluor 647-tagged GR20 still caused a mild increase in nuclear
import of GFP whilst tagged PR20 had no effect as shown in Figure 4.13 and Figure
4.14. The transport enhancement of GFP by labelled GR20 was, however, lower
compared to the effect of unlabelled GR20 (2-fold vs 1.3-fold; compare with Figure
4.6).

99



DAPI 20 kDa dextran

AF647-DPR

Figure 4.9: Effects of Alexa Fluor 647 labelled arginine containing COORF72 DPR species on passive
nuclear import of 20 kDa dextran. Spinning disk confocal microscope images of semi-permeabilised untreated
HelLa cells and cells treated with 10 uM of different DPR species as indicated for 30 minutes after 4-minute
incubation with 20 kDa dextran. Left panel: Alexa Fluor 647 channel. Right panel: FITC 20 kDa dextran channel.
Scale bar: 20 pm.
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Figure 4.10: Alexa Fluor 647 labelled arginine containing COORF72 DPRs decrease nuclear import of 20
kDa dextran. Quantification of passive nuclear import of 20 kDa dextran (shown as nuclear fluorescence
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normalised to nuclear and general background) over time in semi-permeabilised untreated or DPR treated HelLa
cells. Untreated condition depicted in red, AF647-GR20 in purple, AF647-PR20 in orange. Means of individual
experimental means are shown. N = 3. Error bars: SEM. **** p < 0.0001 vs untreated cells with two-way repeated
measures ANOVA and Dunnett’s post hoc test.
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Figure 4.11: Influence of Alexa Fluor 647 labelled arginine containing CO9ORF72 DPR species on passive
nuclear import of 40 kDa dextran. Spinning disk confocal microscope images of semi-permeabilised untreated
HelLa cells and cells treated with 10 uM of different DPR species as indicated for 30 minutes after 4-minute
incubation with 40 kDa dextran. Left panel: Alexa Fluor 647 channel. Right panel: FITC 40 kDa dextran channel.
Scale bar: 20 um.

AF647-PR20

As depicted in Figure 4.15 and Figure 4.16 Alexa Fluor 647-tagged DPRs did not
change the permeability barrier of the nuclear pore thus not leading to nuclear entry
of the 70 kDa dextran. This, therefore, differed from results observed with unlabelled
GR20 which caused nuclear import of 70 kDa dextran at low levels (compare with
Figure 4.8).
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Figure 4.12: Alexa Fluor 647 labelled arginine containing C9ORF72 DPRs reduce nuclear import of 40 kDa
dextran. Quantification of passive nuclear import of 40 kDa dextran (shown as nuclear fluorescence normalised
to nuclear and general background) over time in semi-permeabilised untreated or DPR treated HelLa cells.
Untreated condition depicted in red, AF647-GR20 in purple, AF647-PR20 in orange. Means of individual
experimental means are plotted. N = 3. Error bars: SEM. **** p < 0.0001 vs untreated cells with two-way repeated
measures ANOVA and Dunnett’s post hoc test.

Overall, Alexa Fluor 647-tagged GR20 and PR20 did not seem to be a reliable
investigative tool as they led to opposite results for most reporter cargo species
compared to untagged GR20 and PR20. These findings highlight the necessity for
the usage of unlabelled controls to detect artefact effects when using labelled DPR

species.
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DAPI GFP

AF647-DPR

Figure 4.13: Effects of Alexa Fluor 647 labelled arginine containing COORF72 DPR species on passive
nuclear import of GFP. Spinning disk confocal microscope images of semi-permeabilised untreated Hela cells
and cells treated with 10 uM of different DPR species as indicated for 30 minutes after 4-minute incubation with
GFP. Left panel: Alexa Fluor 647 channel. Right panel: GFP channel. Scale bar: 20 um.
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Figure 4.14: Alexa Fluor 647 labelled GR20 slightly enhances nuclear import of GFP. Quantification of
passive nuclear import of GFP (shown as nuclear fluorescence normalised to nuclear and general background)
over time in semi-permeabilised untreated or DPR treated HelLa cells. Untreated condition depicted in red,
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AF647-GR20 in purple, AF647-PR20 in orange. Means of individual experimental means are depicted. N = 3.
Error bars: SEM. *** p < 0.001 vs untreated cells with two-way repeated measures ANOVA and Dunnett’s post
hoc test.
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Figure 4.15: Influence of Alexa Fluor 647 labelled arginine containing CO9ORF72 DPR species on passive
nuclear import of 70 kDa dextran. Spinning disk confocal microscope images of semi-permeabilised untreated
Hela cells and cells treated with 10 pM of different DPR species as indicated for 30 minutes after 4-minute
incubation with 70 kDa dextran. Left panel: Alexa Fluor 647 channel. Right panel: FITC 70 kDa dextran channel.
Scale bar: 20 um.
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Figure 4.16: Alexa Fluor 647 labelled arginine containing C9ORF72 DPR treatment does not result in
nuclear import of 70 kDa dextran. Quantification of passive nuclear import of 70 kDa dextran (shown as
nuclear fluorescence normalised to nuclear and general background) over time in semi-permeabilised untreated
or DPR treated HelLa cells. Untreated condition depicted in red, AF647-GR20 in purple, AF647-PR20 in orange.
Means of individual experimental means are depicted. Error bars: SEM. Ns: non-significant vs untreated cells
with two-way repeated measures ANOVA and Dunnett’s post hoc test.

4.3 Influence of C9ORF72 DPRs on nuclear export of endogenous nuclear

proteins
As arginine containing C90ORF72 DPRs drastically increased import dynamics of
reporter cargo we were interested to see whether they also had an effect on
endogenous cargo proteins. To this end, HelLa cells were subjected to the same
permeabilisation assay as described above (i.e., the plasma membrane of the tested
cells was permeabilised) but fixed after 10 uM or 50 uM DPR treatment at various
timepoints and immunostained for endogenous TDP43, hnRNP C1/2 and histone
H3. TDP43 shuttles between the nucleus and the cytoplasm but is mainly nuclear
(Ayala et al., 2008) while hnRNP C1/2 and histone H3 are exclusively located to the
nucleus (Campos et al., 2010; Pifiol-Roma and Dreyfuss, 1992). As TDP43 is
mislocalised to the cytoplasm in COORF72 ALS/FTD (Neumann et al., 2006) and can
be passively exported from the nucleus (Archbold et al., 2018; Ederle et al., 2018;
Pinarbasi et al., 2018) we wanted to investigate its nuclear export in the presence of
C90RF72 DPRs.
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As depicted in Figure 4.17 and Figure 4.20A after a 30-minute treatment with 10 or
50 uM GP20 TDP43 remained nuclear with nuclear TDP43 fluorescence intensities
being comparable to untreated controls. A slight significant reduction in nuclear
TDP43 intensity was observed after treating cells with 10 uM GP20 for 30 minutes
but this decrease was not found consistently with different treatment times (see
below). GR20 at a concentration of 10 uM, which led to an increase in passive
nuclear import of reporter cargo, did not cause a significant reduction of nuclear
TDP43 levels after a 30-minute treatment (see Figure 4.20A). The nuclear staining
pattern did differ, however, compared to untreated nuclei with TDP43 looking less
condensed (see Figure 4.17). Nuclear TDP43 levels were, however, significantly
decreased after a 30-minute treatment with 50 UM GR20 (p = 3.88x10-°, Dunnett’s
post-hoc test) suggesting that this DPR species has the capacity to cause a nuclear
loss of TDP43. 10 uM and 50 uM PR20 both led to a significant decline in nuclear
TDP43 after 30 minutes (p = 0.02 for 10 uM PR20 and p near O for 50 uM PR20,
Dunnett’s post-hoc test) with 50 uM PR20 having a more severe effect. PR20
already caused a nuclear loss of TDP43 at a concentration of 10 uM suggesting that
PR20 had a stronger effect on nuclear TDP43 localisation than GR20. GA10
treatment which led to a slight reduction in nuclear import of the 20 kDa dextran (see
Figure 4.2) did not change nuclear TDP43 levels at either concentration tested after
30 minutes (see Figure 4.17 and Figure 4.20A).

Results were quite similar for 60-minute DPR treatments compared to 30-minute
treatments as shown in Figure 4.18 and Figure 4.20B. GP20 and GA10 at 10 uM and
50 uM did not cause a change in nuclear TDP43 levels after 60 minutes. 10 uM
GR20 did not significantly decrease nuclear TDP43 but again resulted in a less
condensed nuclear TDP43 staining pattern. Nuclear TDP43 levels were significantly
reduced upon 50 uM GR20 treatment with a p value of 1.58x107 (Dunnett’s post-hoc
test). Both 10 uM and 50 uM PR20 again drastically reduced nuclear TDP43 levels
after 60 minutes (p = 1.65x10-9 for 10 uM PR20 and p near 0O for 50 uM PR20,
Dunnett’s post-hoc test) with the higher concentration having a stronger effect.
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Figure 4.17: Effects of COORF72DPRs on nuclear localisation of TDP43. Opera Phenix images of
immunofluorescence staining of endogenous TDP43 in semi-permeabilised untreated cells or after 30-minute
treatment with different COORF72 dipeptide repeat proteins at varying concentrations as indicated. Left panel:
DAPI. First from left panel: TDP43. First from right panel: DAPI. Right panel: TDP43. Zoom ins are at different
brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 4.18: Effects of COORF72 DPRs on nuclear TDP43 levels. Opera Phenix images of
immunofluorescence staining of endogenous TDP43 in semi-permeabilised untreated cells or after 60-minute
treatment with different COORF72 dipeptide repeat proteins at varying concentrations as indicated. Left panel:
DAPI. First from left panel: TDP43. First from right panel: DAPI. Right panel: TDP43. Zoom ins are at different
brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 4.19: Influence of CO9ORF72 DPRs on nuclear localisation of TDP43. Opera Phenix images of
immunofluorescence staining of endogenous TDP43 in semi-permeabilised untreated cells or after 120-minute
treatment with different COORF72 dipeptide repeat proteins at varying concentrations as indicated. Left panel:
DAPI. First from left panel: TDP43. First from right panel: DAPI. Right panel: TDP43. Zoom ins are at different
brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 4.20: Arginine containing C9ORF72 DPRs reduce nuclear TDP43 levels. Quantified nuclear TDP43
fluorescence signal normalised to untreated control in untreated or cells treated with varying concentrations of
different DPRs as indicated. A) 30-minute DPR treatment. B) 60-minute DPR treatment. C) 120-minute DPR
treatment. Means of individual experimental means are plotted. Error bars: SEM. **** p<0.0001, * p < 0.05 vs

untreated cells with multi-level model one-way ANOVA and Dunnett’s post hoc test.
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After 120 minutes GP20 and GA10 did not affect nuclear TDP43 localisation at either
concentration compared to untreated cells as depicted in Figure 4.19 and Figure
4.20C. However, nuclear staining seemed to be weaker also in the untreated cells
when compared to the 30-minute timepoint (compare Figure 4.17 and Figure 4.19).
This was probably owed to the longer incubation of permeabilised cells resulting in a
slight loss of nuclear TDP43 irrespective of treatment. 10 uM GR20 did lead to a
significant decrease in nuclear TDP43 levels after a treatment time of 120 minutes
(see Figure 4.20C) with a p value of 0.013 (Dunnett’s post-hoc test). The higher
GR20 concentration again reduced nuclear TDP43 levels further. PR20 decreased
nuclear TDP43 at both concentrations tested after 120 minutes. This reduction was
highly significant with a p value of 2.86x10* for 10 uM PR20 and a p value of
2.79x107° for 50 uM PR20 treatment (Dunnett’s post-hoc test). 50 uM PR20 had a
more severe effect than 10 uM PR20 but the effect of 10 uM PR20 was also
increased by the longer treatment time.

We wanted to investigate whether the increased effect of longer DPR treatment on
nuclear TDP43 localisation was due to the actual treatment time or was just caused
by a general longer incubation of permeabilised cells. Therefore, cells were treated
with 10 and 50 uM GR20 for 30 or 60 minutes. DPRs were then washed away, and
cells were still incubated for a total of up to 120 minutes.

As depicted in Figure 4.21A and Figure 4.23A 50 uM GR20 treatment led to a
reduction of nuclear TDP43 compared to untreated cells when cells were treated
with this DPR for 30 minutes and then incubated for 60 minutes in total. Nuclear
TDP43 was not significantly decreased by 10 uM GR20 under these conditions.
Similarly, 50 uM GR20 decreased nuclear TDP43 localisation upon 30-minute DPR
treatment and subsequent incubation for further 90 minutes (total of 120 minutes)
while 10 uM GR20 had no effect compared to untreated cells as shown in Figure
4.21B and Figure 4.23B.
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Figure 4.21: Effects of GR on nuclear TDP43 levels. Opera Phenix images of immunofluorescence staining of
endogenous TDP43 in semi-permeabilised untreated cells or after 30-minute treatment with GR20 polypeptide at
varying concentrations as indicated. A) 30-minute DPR treatment and fixation after further 30 minutes. B) 30-
minute DPR treatment and fixation after further 90 minutes. Left panel: DAPI. First from left panel: TDP43. First

from right panel: DAPI. Right panel: TDP43. Zoom ins are at different brightness and contrast settings as main
images. Scale bar: 50 pm.
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Figure 4.22: Effects of GR on nuclear TDP43 localisation. Opera Phenix images of immunofluorescence
staining of endogenous TDP43 in semi-permeabilised untreated cells or after 60-minute treatment with GR20
polypeptide at varying concentrations as indicated with fixation after further 60 minutes. Left panel: DAPI. First
from left panel: TDP43. First from right panel: DAPI. Right panel: TDP43. Zoom ins are at different brightness and
contrast settings as main images. Scale bar: 50 um.

Again 60-minute treatment with subsequent incubation for a total of 120 minutes with
50 uM GR20 resulted in lowered nuclear TDP43 levels compared to untreated cells
as shown in Figure 4.22 and Figure 4.23C. 10 uM GR20 treatment again did not
affect nuclear TDP43 levels under these conditions. This clearly indicates that the
longer treatment with 10 uM GR20 was necessary to have a significant effect on
nuclear TDP43 localisation. Of note, washing out of GR20 could not lead to re-import
of TDP43 from the cytoplasm as cells were permeabilised and TDP43 exiting the
nucleus would disperse in the media.

Overall, these experiments clearly demonstrated that arginine containing COORF72

DPRs have the capacity to cause nuclear loss of TDP43 in permeabilised cells.
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Figure 4.23: GR decreases nuclear TDP43 levels. Quantified nuclear TDP43 fluorescence signal normalised to
untreated control in untreated or cells treated with varying concentrations of GR20 as indicated. A) 30-minute
DPR treatment and fixation after further 30 minutes. B) 60-minute DPR treatment and fixation after further 90
minutes. C) 60-minute DPR treatment and fixation after further 60 minutes. Means of individual experimental
means are shown. Error bars: SEM. **** p<0.0001 vs untreated cells with multi-level model one-way ANOVA and
Dunnett’s post hoc test.

To test if this effect was specific for TDP43 or proteins shuttling between the nucleus
and the cytoplasm we immunostained permeabilised cells for the exclusively nuclear
proteins hnRNP C1/2 and histone H3. Similar to TDP43, nuclear hnRNP C1/2 levels
were not reduced by GP20 and GA10 at concentrations of 10 or 50 uM after 30
minutes as depicted in Figure 4.24 and Figure 4.27A. Again 10 uM GR20 treatment
did not lead to a decrease in nuclear hnRNP C1/2 while 50 uM GR20 did reduce
nuclear hnRNP C1/2 after 30 minutes. However, the effect of 50 uM GR20 was less
drastic on nuclear hnRNP C1/2 than on nuclear TDP43 (40 % versus 65 %
reduction; compare with Figure 4.20A). 10 uM PR20 did not reduce nuclear hnRNP
C1/2 levels after 30 minutes (see Figure 4.24 and Figure 4.27A). HnRNP C1/2 was

lost from the nucleus after a 30 minute-PR20 treatment at a concentration of 50 pM.
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Again, after 60 minutes there was no change in nuclear hnRNP C1/2 levels in GP20
or GA10 treated cells compared to untreated cells as shown in Figure 4.25 and
Figure 4.27B. 10 uM GR20 did not affect nuclear localisation of hnRNP C1/2 after 60
minutes either but nuclear hnRNP C1/2 was reduced at levels comparable to TDP43
after higher concentration GR20 treatment. Again 10 uM PR20 seemed to have
some effect on nuclear hnRNP C1/2 after 60 minutes but this was not significant.
Nuclear hnRNP C1/2 levels were drastically reduced by 50 uM PR20 after 60

minutes.

After 120 minutes nuclear hnRNP C1/2 levels still remained unchanged after GP20
and GA10 treatment compared to untreated cells as depicted in Figure 4.26 and
Figure 4.27C. In contrast to its effect on TDP43, 10 uM GR20 treatment did not
result in lower nuclear hnRNP C1/2 levels compared to control cells even after the
longer treatment period of 120 minutes. 50 uM GR20 again reduced nuclear hnRNP
C1/2 after 120 minutes with the effect being stronger compared to shorter treatment
periods. The decrease of nuclear hnRNP C1/2 was significant after a 120 minute-
treatment with 10 pM PR20 and 50 uM PR20 again strongly lowered nuclear hnRNP
C1/2 levels. While the effects on nuclear localisation by arginine containing DPRs
were not exclusive to TDP43 they were not as strong for hnRNP C1/2, with 10 pM
GR20 having no effect on its localisation even after longer treatment times and 10

MM PR20 only having a significant influence after 120 minutes.
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30 min DPR treatment

DAPI hnRNP C1/2 DAPI hnRNP C1/2
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Figure 4.24: Influence of COORF72 DPRs on nuclear hnRNP C1/2 levels. Opera Phenix images of
immunofluorescence staining of endogenous hnRNP C1/2 in semi-permeabilised untreated cells or after 30-
minute treatment with different COORF72 dipeptide repeat proteins at varying concentrations as indicated. Left
panel: DAPI. First from left panel: hnRNP C1/2. First from right panel: DAPI. Right panel: hnRNP C1/2. Zoom ins
are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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60 min DPR treatment

DAPI hnRNP C1/2 DAPI hnRNP C1/2

10 uM 50 uM

untreated

GP20

GR20

PR20

GA10

Figure 4.25: Effects of COORF72 DPRs on nuclear hnRNP C1/2 levels. Opera Phenix images of
immunofluorescence staining of endogenous hnRNP C1/2 in semi-permeabilised untreated cells or after 60-
minute treatment with different COORF72 dipeptide repeat proteins at varying concentrations as indicated. Left
panel: DAPI. First from left panel: hnRNP C1/2. First from right panel: DAPI. Right panel: hnRNP C1/2. Zoom ins
are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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120 min DPR treatment

DAPI hnRNP C1/2 DAPI hnRNP C1/2
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Figure 4.26: Influence of CO9ORF72 DPRs on nuclear hnRNP C1/2 localisation. Opera Phenix images of
immunofluorescence staining of endogenous hnRNP C1/2 in semi-permeabilised untreated cells or after 120-
minute treatment with different COORF72 dipeptide repeat proteins at varying concentrations as indicated. Left
panel: DAPI. First from left panel: hnRNP C1/2. First from right panel: DAPI. Right panel: hnRNP C1/2. Zoom ins
are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 4.27: Arginine containing C9ORF72 DPRs lower nuclear hnRNP C1/2 levels. Quantified nuclear
hnRNP C1/2 fluorescence signal normalised to untreated control in untreated or cells treated with varying
concentrations of different DPRs as indicated. A) 30-minute DPR treatment. B) 60-minute DPR treatment. C)
120-minute DPR treatment. Means of individual experimental means are shown. Error bars: SEM. **** p<0.0001,
** p < 0.01 vs untreated cells with multi-level model one-way ANOVA and Dunnett’s post hoc test.
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With regards to histone H3 GP20 and GA10 did not change its location at either
concentration after 30 minutes as demonstrated in Figure 4.28 and Figure 4.31A.
Contrary to TDP43, 10 uM GR20 treatment led to a significant, however small,
reduction in nuclear histone H3 levels after 30 minutes. Nuclear histone H3 was
highly decreased upon treatment with 50 uM GR20 after 30 minutes. PR20 treatment
led to a reduction in nuclear histone H3 levels at both concentrations after 30
minutes with 50 uM PR20 having a more drastic effect compared to 10 uM. Effects
of 10 uM PR20 on histone H3 localisation after 30 minutes were slightly less severe
compared to its effect on TDP43 (50 % versus 65 % decrease; compare with Figure
4.20A).

After 60 minutes there was again no effect on nuclear histone H3 levels upon GP20
and GA10 treatment as shown in Figure 4.29 and Figure 4.31B. 10 uM GR20
treatment also led to a slight reduction in nuclear histone H3 levels after 60 minutes
compared to controls while 50 uM GR20 resulted in a strong decrease of nuclear
histone H3. Again, 60 minute-PR20 treatment reduced nuclear histone H3 levels with
effect size correlating with concentration.

After 120 minutes nuclear histone H3 levels were comparable between untreated and
GP20 or GA10 treated cells as depicted in Figure 4.30 and Figure 4.31C. Interestingly,
10 uM GR20 treatment did no longer lead to a decrease in nuclear histone H3 after a
treatment time of 120 minutes. This could indicate that the effect of 10 uM GR20 was
no longer exceeding the rate of passive diffusion of histone H3 due to incubation of
permeabilised cells for an extended period of time. 50 uM GR20 still drastically
lowered nuclear histone H3 levels after 120 minutes. 10 uM PR20 treatment led to a
stronger decrease of nuclear histone H3 after 120 minutes compared to shorter
treatment times whilst the effect of 50 UM PR20 on histone H3 localisation was still

equally strong.

Notably, the DNA binding protein histone H3 seemed to be more sensitive to arginine
containing COORF72 DPR treatment than RNA binding protein hnRNP C1/2 with
effects of these DPRs on histone H3 being comparable to their effects on TDP43. In
summary, treatment with arginine containing DPRs led to a reduction of nuclear
protein levels in permeabilised cells suggesting that they not only influence nuclear

import of reporter cargo but also nuclear export of endogenous proteins.

120
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Figure 4.28: Effects of COORF72 DPRs on nuclear histone H3 levels. Opera Phenix images of
immunofluorescence staining of endogenous histone H3 in semi-permeabilised untreated cells or after 30-minute
treatment with different COORF72 dipeptide repeat proteins at varying concentrations as indicated. Left panel:
DAPI. First from left panel: histone H3. First from right panel: DAPI. Right panel: histone H3. Zoom ins are at
different brightness and contrast settings as main images. Scale bar: 50 pm.
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60 min DPR treatment
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Figure 4.29: Influence of COORF72 DPRs on nuclear histone H3 levels. Opera Phenix images of
immunofluorescence staining of endogenous histone H3 in semi-permeabilised untreated cells or after 60-minute
treatment with different COORF72 dipeptide repeat proteins at varying concentrations as indicated. Left panel:
DAPI. First from left panel: histone H3. First from right panel: DAPI. Right panel: histone H3. Zoom ins are at
different brightness and contrast settings as main images. Scale bar: 50 pm.
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120 min DPR treatment
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Figure 4.30: Effects of COORF72 DPRs on nuclear localisation of histone H3. Opera Phenix images of
immunofluorescence staining of endogenous histone H3 in semi-permeabilised untreated cells or after 120-
minute treatment with different COORF72 dipeptide repeat proteins at varying concentrations as indicated. Left
panel: DAPI. First from left panel: histone H3. First from right panel: DAPI. Right panel: histone H3. Zoom ins are
at different brightness and contrast settings as main images. Scale bar: 50 um.
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Figure 4.31: Arginine containing C9ORF72 DPRs decrease nuclear localisation of histone H3. Quantified
nuclear histone H3 fluorescence signal normalised to untreated control in untreated or cells treated with varying
concentrations of different DPRs as indicated. A) 30-minute DPR treatment. B) 60-minute DPR treatment. C)
120-minute DPR treatment. Means of individual experimental means are depicted. Error bars: SEM. ****
p<0.0001, ** p < 0.01, * p < 0.05 vs untreated cells with multi-level model one-way ANOVA and Dunnett’s post
hoc test.
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4.4 Discussion

4.4.1 Enhancement of passive nuclear import by poly-GR and -PR

The first major finding of this chapter was that the arginine containing C9ORF72
DPRs significantly increased passive nuclear import of fluorescent reporter cargo.
This effect was more pronounced for smaller than for larger cargo with the most
substantial effect being observed for the 20 kDa dextran. This suggests that these
DPR species did not substantially change the size barrier of the nuclear pore as
entry of larger cargo was still somewhat restricted. Importantly, PR20 did not allow
for the large 70 kDa dextran to enter the nucleus indicating that the permeability
barrier was still intact. Nuclear import of 70 kDa dextran upon GR20 treatment only
occurred at very low levels which suggests that transport of large cargo through the
nuclear pore was still partly restricted. The increase in nuclear import of 40 kDa
dextran by GR20 and PR20 was less distinct than for the 20 kDa dextran but higher
than for GFP. That was unexpected as GFP with a molecular weight of 27 kDa is
smaller than the 40 kDa dextran. This can potentially be explained by the already
very effective import of GFP (see also section 3.5) due to its hydrophobic residues
promoting FG nucleoporin interaction (Frey et al., 2018) which could not be greatly
improved further by the arginine containing DPRs. Poly-GR and -PR increased both
the amount of cargo transported and transport speed indicating that the permeability
of the nuclear pore was enhanced by poly-GR and -PR. Our findings were confirmed
by a different study published during the course of this work (Hayes et al., 2020)
where GR and PR polypeptides increased the passive nuclear import of 40 kDa
dextran and GFP in HeLa cells. The effects on GFP by the arginine containing DPRs
were more pronounced compared to our findings, however the authors used double

the DPR concentration than we used.

4.4.2 Effects of poly-GR and -PR on passive versus active nucleocytoplasmic transport
Arginine containing DPRs have a different effect on active compared to passive
nucleocytoplasmic transport. In a hormone induced import assay transport into the
nucleus of reporter cargo containing a nuclear localisation signal specific for importin
a/pB was decreased by a GR polypeptide in HeLa cells (Hutten et al., 2020). Similarly,
nuclear import of various reporter cargos transported by different import receptors in

a permeabilised cell assay monitoring active nucleocytoplasmic transport by
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providing energy and import receptors was reduced by GR and PR polypeptides in
primary mouse cortical neurons or HelLa cells (Hayes et al., 2020). However, in a
different study GR and PR polypeptides had no effect on active nucleocytoplasmic
transport of reporter cargo binding to importin a/f or transportin 1 in HelLa cells.
Interestingly, when the authors of the same study expressed longer codon-optimised
PR constructs in HelLa cells this led to an increase in active nuclear import of
reporter cargo (Vanneste et al., 2019). Similar to our findings that GA10 slightly
decreased passive nucleocytoplasmic transport, expression of a poly-GA construct
in SH-SYS5Y cells or iPSC-derived motor neurons led to a decline in active nuclear
import of reporter cargo (Vanneste et al., 2019). Overall, the mechanism of action of
arginine containing dipeptide repeat proteins might differ between active and passive
nucleocytoplasmic transport. One proposed mechanism stemming from findings that
PR polypeptides bound to the central channel of nuclear pores in Xenopus laevis
oocytes is that PR treatment leads to the blockage of the nuclear pore (Shi et al.,

2017). Our findings of increased passive nuclear import contradict that suggestion.

4.4.3 Altered effects of poly-GR and -PR on passive nucleocytoplasmic transport by
fluorescent labelling
Our results that Alexa Fluor 647 labelled GR20 and PR20 had the exact opposite
effect on passive reporter cargo import compared to unlabelled DPRs were very
surprising. As Alexa Fluor 647 is quite small with a molecular weight of about 1 kDa
a change in peptide size is unlikely to be causative of the effect modulation. Alexa
Flour 647 contains three unbalanced sulfate groups and thus is negatively charged
(Fan et al., 2019). This could counteract the positive charge of the arginine in GR
and PR polypeptides. As electrostatic interactions are thought to be one component
of the binding ability of arginine containing DPRs to low complexity domain proteins
including nuclear pore components (Lee et al., 2016) a reduction in positive charge
could lead to modifying the effect of Alexa Fluor 647 labelled GR and PR on passive
nuclear import compared to untagged GR and PR. Aromatic dyes including Alexa
Fluor 647 were shown to migrate into FG domains in vitro (Ng et al., 2021)
suggesting that Alexa Fluor 647 labelled DPRs might interact with the nuclear pore
differently than unlabelled ones. In any case, caution should be exerted when

performing experiments including fluorescent tagged DPR polypeptides or
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expression constructs especially when these fluorophores carry a charge as results
could be substantially altered compared to untagged DPR species. For instance,
poly-PR shown to bind the central channel of the nuclear pore as mentioned above
was coupled to a FITC fluorophore (Shi et al., 2017). Poly-GR and -PR not affecting
active nucleocytoplasmic transport as introduced above were coupled to mCherry
(Vanneste et al., 2019). As DPRs occurring in patients obviously are not coupled to a
fluorophore we decided not to pursue further experiments using these labelled
DPRs.

4.4.4 Influence of poly-GR and -PR on passive nuclear export of TDP43

Our second major finding in this chapter was that nuclear TDP43 levels were
decreased upon poly-GR and -PR treatment in semi-permeabilised HeLa cells. This
likely occurred via the enhancement of passive nuclear export of TDP43 as the
transport buffer used in our experiments did not contain transport receptors, Ran or
energy sources. Therefore, our experiments could indicate that enhanced passive
TDP43 export might be at least in part responsible for the cytoplasmic
mislocalisation of TDP43 in over 97 % of ALS and 45 % of FTD cases (Ling et al.,
2013). This possibility is further supported by findings that TDP43 is passively rather
than actively exported from the nucleus. For instance, inhibition of exportin 1, the
predicted export receptor for TDP43 (Winton et al., 2008), still allowed for TDP43
export (Archbold et al., 2018; Ederle et al., 2018; Pinarbasi et al., 2018). In addition,
knock down of other export receptors had no or only mild effects on TDP43 export
(Archbold et al., 2018). Increasing TDP43 size by fusion to large domains diminished
its export ability suggesting that exceeding the size limit of passive
nucleocytoplasmic transport impaired TDP43 export (Ederle et al., 2018; Pinarbasi et
al., 2018).

In addition to enhanced passive export, impairment of active TDP43 import could
also contribute to its cytoplasmic mislocalisation. GR but not PR treatment reduced
import of TDP43 reporter cargo in HelLa cells (Hutten et al., 2020). In contrast, in our
case PR seemed to have a more potent effect than GR on nuclear TDP43
localisation with lower concentrations or treatment times required to achieve an
effect. This might indicate that poly-GR has a greater effect on active nuclear import

than PR possibly via interaction with transport receptors. On the other hand, poly-PR
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seems to have a stronger effect on passive nuclear export possibly via interaction
with nucleoporins.

Whilst GA treatment led to a small decrease in passive import of reporter cargo, it
did not have an effect on nuclear export of TDP43 or other nuclear proteins in our
experiments. In a different study, expression of poly-GA constructs in primary rat
neurons led to an enhanced percentage of cells containing cytoplasmic TDP43
(Khosravi et al., 2020) indicating that GA might still contribute to TDP43
mislocalisation via a different mechanism possible dependent on GA aggregation. As
a note of caution, we cannot fully exclude that poly-GR and -PR treatment led to
nuclear degradation rather than enhanced nuclear export of TDP43.

4.4.5 Impact of poly-GR and -PR on localisation of other nuclear proteins

The exclusively nuclear proteins hnRNP C1/2 and histone H3 are not found to be
mislocalised in ALS or FTD. Furthermore, in other reported transport assay
experiments hnRNP C was not found to exit the nucleus upon chemical fusion of two
cell types (heterokaryon assay) (Ederle et al., 2018). Semi-permeabilising the cells
might have made them more sensitive to nuclear export stimuli potentially also in
part due to the general low protein concentration outside of the permeabilised nuclei
(unlike in physiological conditions with the cytoplasm containing proteins present).
We could demonstrate that arginine containing dipeptide repeat proteins render the
nuclear pore less restrictive leading to a loss of endogenous proteins from the
nucleus. Interestingly, the DNA binding protein histone H3 was more vulnerable to
GR and PR treatment compared to the RNA binding protein hnRNP C1/2. This could
suggest that nucleic acid binding plays a role in nuclear localisation of proteins which
will be explored in the next chapter. Potential influences of poly-GR and -PR on the

nuclear pore will also be investigated in the next chapter.

In summary, we demonstrated in this chapter that poly-GR and -PR enhanced
passive nucleocytoplasmic transport. This included increase of nuclear import of
reporter cargo which could potentially lead to influx of cytoplasmic proteins into the
nucleus in disease damaging nuclear integrity. Passive nuclear export of TDP43 was
also enhanced by poly-GR and -PR which might contribute to cytoplasmic
mislocalisation of TDP43 in C9ORF72 ALS/FTD.
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5 Potential mechanisms of action for passive nucleocytoplasmic
transport enhancement by arginine containing C9ORF72

dipeptide repeat proteins
In the previous chapter it was shown that arginine containing C9ORF72 DPR
species specifically increase the passive nuclear import of reporter cargo and the
passive nuclear export of the shuttling but predominantly nuclear protein TDP43 and
the exclusively nuclear proteins hnRNP C1/2 and histone H3. In this chapter we
aimed to investigate how poly-GR and -PR could cause these changes in passive
nucleocytoplasmic transport dynamics by studying possible routes of action and
targets. We studied chemical mimics of disruption of the permeability barrier of the
nuclear pore, nucleic acid anchoring of nuclear proteins and the effects of poly-GR
and -PR on the localisation of transport factors. Based on these findings we
investigated potential mechanisms to rescue the passive nucleocytoplasmic

transport defects caused by poly-GR and -PR.

5.1 Effects of CHD treatment on passive nuclear import

To further investigate how the permeability barrier of the nuclear pore is affected by
poly-GR and -PR we treated HeLa cells with the alcohol trans-1,2-cyclo-hexanediol
CHD which is known to disrupt the nuclear pore’s permeability barrier probably by
affecting FG-FG interactions between nucleoporins forming this barrier (Ribbeck and
Gorlich, 2002; Schmidt and Gérlich, 2015). Cells were subjected to 14 % w/v CHD
for 15 minutes. We then used our optimised transport assay to investigate the
nuclear import of fluorescently labelled 20, 40 and 70 kDa dextran. This allowed us
to compare the impacts of CHD on passive reporter cargo import with those of
arginine containing C90RF72 DPRs.

Import of the 20 kDa dextran was increased by CHD compared to untreated cells as
shown in Figure 5.1 and Figure 5.2. However, maximum import levels were only
twice as high than those in untreated cells whilst maximum import was enhanced 4-
and 5-fold by poly-GR and -PR treatment, respectively compared to untreated cells
(see Figure 4.2). Import enhancement by CHD in comparison to untreated cells was
only observed after 80 seconds and effects by arginine containing DPRs could
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DAPI 20 kDa dextran

untreated

CHD

Figure 5.1: Effects of CHD on passive nuclear import of 20 kDa dextran. Spinning disk confocal microscope
images of semi-permeabilised untreated Hela cells and cells treated with 14 % w/v CHD for 15 minutes after 4-
minute incubation with 20 kDa dextran. Left panel: DAPI channel. Right panel: FITC 20 kDa dextran channel.
Scale bar: 20 pm.
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Figure 5.2: CHD increases nuclear import of 20 kDa dextran at later time points. Quantification of passive
nuclear import of 20 kDa dextran (shown as nuclear fluorescence normalised to nuclear and general background)
over time in semi-permeabilised untreated or CHD treated HeLa cells. Untreated condition depicted in red, CHD
treatment in blue. Means of individual experimental means are shown. N = min. 3. Error bars: SEM. **** p <
0.0001 vs untreated cells with two-way repeated measures ANOVA and Dunnett’s post hoc test.

already be observed from the earliest measured timepoints. In CHD treated cells 20
kDa dextran was evenly distributed within the nucleus whilst 20 kDa dextran

accumulated in potential nucleolar structures in untreated and DPR treated cells (see
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Figure 5.1 and Figure 4.1). Possibly, CHD was also disrupting these compartments
allowing for broader dispersing of the 20 kDa dextran within the nucleus as it could
no longer interact with these nuclear structures. CHD treatment had varying effects
between experiments not consistently enhancing passive nuclear import of 20 kDa

dextran.

CHD treatment resulted in 1.5-fold enhanced import of 40 kDa dextran compared to
untreated cells but only at early timepoints as shown in Figure 5.3 and Figure 5.4. At
later timepoints passive nuclear import of 40 kDa dextran was not changed in CHD
treated cells compared to untreated cells. In contrast, poly-GR and -PR increased
maximum 40 kDa dextran levels by about 2.5-fold with effects being more distinct at
later than at early timepoints (see Figure 4.4). Again, the 40 kDa dextran was evenly
distributed throughout the nucleus in CHD treated cells whilst it clustered in potential
nucleolar locations in untreated and DPR treated cells (see Figure 5.3 and Figure
4.3).

DAPI 40 kDa dextran

Figure 5.3: Influence of CHD on passive nuclear import of 40 kDa dextran. Spinning disk confocal
microscope images of semi-permeabilised untreated HelLa cells and cells treated with 14 % w/v CHD for 15
minutes after 4-minute incubation with 40 kDa dextran. Left panel: DAPI channel. Right panel: FITC 40 kDa
dextran channel. Scale bar: 20 pm.
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Figure 5.4: CHD enhances nuclear import of 40 kDa dextran at early time points. Quantification of passive
nuclear import of 40 kDa dextran (shown as nuclear fluorescence normalised to nuclear and general background)
over time in semi-permeabilised untreated or CHD treated Hela cells. Untreated condition depicted in red, CHD
treatment in blue. Means of individual experimental means are depicted. N = min. 3. Error bars: SEM. ** p < 0.01
vs untreated cells with two-way repeated measures ANOVA and Dunnett’s post hoc test.

The 70 kDa dextran could be imported in CHD treated cells at levels similar to the 20
kDa dextran in untreated cells (see Figure 5.6 and Figure 5.2) but it did not enter the
nucleus in untreated cells as it exceeds the size limit of the nuclear pore’s
permeability barrier (see Figure 5.5). PR treatment equally had no effect on nuclear
70 kDa dextran import whilst 70 kDa dextran was imported into the nucleus in the
presence of poly-GR but at levels about 1.5-fold lower than in CHD treated cells (see
Figure 4.8). Therefore, effects of CHD and poly-GR were most similar with regards to
the 70 kDa dextran with poly-GR interfering with the nuclear pore’s permeability
barrier but not reaching CHD’s potency. However, both poly-GR and -PR increased
import of the smaller sized 20 and 40 kDa dextrans to much higher levels than CHD
indicating that complete nuclear pore size barrier disruption was not responsible for

the observed enhanced import levels by arginine containing DPRs.
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Figure 5.5: Impact of CHD on passive nuclear import of 70 kDa dextran. Spinning disk confocal microscope
images of semi-permeabilised untreated Hela cells and cells treated with 14 % w/v CHD for 15 minutes after 4-
minute incubation with 70 kDa dextran. Left panel: DAPI channel. Right panel: FITC 70 kDa dextran channel.
Scale bar: 20 pm.
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Figure 5.6: CHD treatment leads to nuclear influx of 70 kDa dextran. Quantification of passive nuclear import
of 70 kDa dextran (shown as nuclear fluorescence normalised to nuclear and general background) over time in
semi-permeabilised untreated or CHD treated HeLa cells. Untreated condition depicted in red, CHD treatment in
blue. Means of individual experimental means are plotted. N = 3. Error bars: SEM. **** p < 0.0001 vs untreated
cells with two-way repeated measures ANOVA and Dunnett’s post hoc test.
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5.2 Influence of CHD on nuclear localisation of endogenous TDP43, hnRNP
C1/2 and histone H3

In this section we aimed to investigate whether a disruption of the nuclear pore’s
permeability barrier by impairing FG-FG interactions between nucleoporins was
responsible for the nuclear loss of TDP43, hnRNP C1/2 and histone H3 caused by
arginine containing COORF72 DPR treatment (see section 4.3). Therefore, we
measured nuclear levels of the aforementioned proteins by immunofluorescence
staining in semi-permeabilised HeLa cells but treated cells with CHD instead of
DPRs for 30, 60 or 120 minutes. Similar to section 5.1, we could then compare the
effects of CHD, which reduces permeability barrier restriction on cargo entry, on
nuclear export of TDP43, hnRNP C1/2 and histone H3 to those of poly-GR and -PR.

Nuclear TDP43 levels were reduced to about 30 % of its levels in untreated cells by
a 30-minute CHD treatment as shown in Figure 5.7 and Figure 5.10A. This reduction
was similar in cells treated with 50 uM GR20 or 10 uM PR20 for 30 minutes whilst 10
UM GR20 had no effect (see Figure 4.20A). 30-minute 50 uM PR20 treatment

decreased nuclear TDP43 localisation more strongly compared to CHD.

30 min CHD treatment

DAPI

untreated

CHD

Figure 5.7: Effects of CHD on nuclear localisation of TDP43. Opera Phenix images of immunofluorescence
staining of endogenous TDP43 in semi-permeabilised untreated cells or after 30-minute treatment with 14 % wi/v
CHD. Left panel: DAPI. Right panel: TDP43. Zoom ins are at different brightness and contrast settings as main
images. Scale bar: 50 pm.
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Figure 5.8: Influence of CHD on nuclear localisation of TDP43. Opera Phenix images of immunofluorescence
staining of endogenous TDP43 in semi-permeabilised untreated cells or after 60-minute treatment with 14 % w/v

CHD. Left panel: DAPI. Right panel: TDP43. Zoom ins are at different brightness and contrast settings as main
images. Scale bar: 50 pm.

120 min CHD treatment

DAPI TDP43

untreated

CHD

Figure 5.9: Impact of CHD on nuclear localisation of TDP43. Opera Phenix images of immunofluorescence
staining of endogenous TDP43 in semi-permeabilised untreated cells or after 120-minute treatment with 14 % wi/v

CHD. Left panel: DAPI. Right panel: TDP43. Zoom ins are at different brightness and contrast settings as main
images. Scale bar: 50 pm.
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Figure 5.10: CHD reduces nuclear TDP43 levels. Quantified nuclear TDP43 fluorescence signal normalised to
untreated control in untreated or cells treated with 14 % w/v CHD. A) 30-minute CHD treatment. B) 60-minute
CHD treatment. C) 120-minute CHD treatment. Means of individual experimental means are shown. Error bars:
SEM. **** 5 < 0.0001, * p < 0.05 vs untreated cells with multi-level model one-way ANOVA and Dunnett’s post

hoc test.

60-minute CHD treatment again decreased nuclear TDP43 by about 70 % compared
to untreated cells (see Figure 5.8 and Figure 5.10B) which was similar to 30-minute
CHD treatment (see Figure 5.10A). This was also comparable to the effect of 60-
minute 50 uM GR20 treatment on nuclear TDP43 (see Figure 4.20B). 10 uM GR20
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was less potent than CHD as it did not decrease nuclear TDP43 levels. 60-minute
PR20 treatment showed a stronger effect than CHD with 10 uM and 50 uM PR20
lowering nuclear TDP43 localisation 1.5-fold and 3-fold more, respectively, than
CHD.

TDPA43 levels were reduced by 50 % in cells treated with CHD for 120 minutes
compared to untreated cells (see Figure 5.9 and Figure 5.10B). This was a lower
reduction compared to shorter CHD treatment times (see Figure 5.10A and B) which
could be explained by some nuclear TDP43 also diffusing out of untreated nuclei
after a 120-minute incubation time. 120 minute 50 uM GR20 treatment decreased
nuclear TDP43 levels to a similar extent than CHD while 10 uM GR20 was slightly
less potent with reducing nuclear TDP43 by about 40 % (see Figure 4.20C). Nuclear
TDP43 localisation was reduced twice as much by low and high PR20
concentrations than by CHD after 120 minutes.

30 min CHD treatment

DAPI hnRNP C1/2

Figure 5.11: Influence of CHD on nuclear levels of hnRNP C1/2. Opera Phenix images of
immunofluorescence staining of endogenous hnRNP C1/2 in semi-permeabilised untreated cells or after 30-

minute treatment with 14 % w/v CHD. Left panel: DAPI. Right panel: hnRNP C1/2. Zoom ins are at different
brightness and contrast settings as main images. Scale bar: 50 pm.

untreated

CHD
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Figure 5.12: Effects of CHD on nuclear localisation of hnRNP C1/2. Opera Phenix images of
immunofluorescence staining of endogenous hnRNP C1/2 in semi-permeabilised untreated cells or after 60-
minute treatment with 14 % w/v CHD. Left panel: DAPI. Right panel: hnRNP C1/2. Zoom ins are at different
brightness and contrast settings as main images. Scale bar: 50 pm.

120 min CHD treatment

DAPI hnRNP C1/2

untreated

CHD

Figure 5.13: Influence of CHD on nuclear localisation of hnRNP C1/2. Opera Phenix images of
immunofluorescence staining of endogenous hnRNP C1/2 in semi-permeabilised untreated cells or after 120-
minute treatment with 14 % w/v CHD. Left panel: DAPI. Right panel: hnRNP C1/2. Zoom ins are at different
brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.14: CHD does not affect or increases nuclear hnRNP C1/2 levels. Quantified nuclear hnRNP C1/2
fluorescence signal normalised to untreated control in untreated or cells treated with 14 % w/v CHD. A) 30-minute
CHD treatment. B) 60-minute CHD treatment. C) 120-minute CHD treatment. Means of individual experimental
means are plotted. Error bars: SEM. **** p < 0.0001, ns not significant vs untreated cells with multi-level model
one-way ANOVA and Dunnett’s post hoc test.

Nuclear hnRNP C1/2 levels were not changed by 30-minute CHD treatment
compared to untreated cells (see Figure 5.11 and Figure 5.14A) but were reduced by
arginine containing DPRs at 50 uM after 30 minutes (see Figure 4.27A). After 60-
minute CHD treatment a trend to increased nuclear hnRNP C1/2 levels compared to
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untreated cells was observed (see Figure 5.12 and Figure 5.14B). In contrast, high
concentration poly-GR and -PR treatment did lead to a reduction in nuclear hnRNP
C1/2 localisation after 60 minutes compared to untreated cells (see Figure 4.27B).
Surprisingly, nuclear hnRNP C1/2 levels were enhanced 1.5-fold after 120-minute
CHD treatment compared to untreated cells (see Figure 5.13 and Figure 5.14C). In
contrast, 50 uM GR20 and PR20 at both concentrations significantly lowered nuclear
hnRNP C1/2 intensities after 120 minutes compared to untreated cells (see Figure
4.27C).

30 min CHD treatment

DAPI histone H3

untreated

CHD

Figure 5.15: Influence of CHD on nuclear localisation of histone H3. Opera Phenix images of
immunofluorescence staining of endogenous histone H3 in semi-permeabilised untreated cells or after 30-minute
treatment with 14 % w/v CHD. Left panel: DAPI. Right panel: histone H3. Zoom ins are at different brightness and
contrast settings as main images. Scale bar: 50 um.
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DAPI histone H3

untreated

CHD

Figure 5.16: Impact of CHD on nuclear localisation of histone H3. Opera Phenix images of
immunofluorescence staining of endogenous histone H3 in semi-permeabilised untreated cells or after 60-minute

treatment with 14 % w/v CHD. Left panel: DAPI. Right panel: histone H3. Zoom ins are at different brightness and
contrast settings as main images. Scale bar: 50 pm.

120 min CHD treatment

DAPI histone H3

untreated
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‘ ‘

Figure 5.17: Effects of CHD on nuclear localisation of histone H3. Opera Phenix images of
immunofluorescence staining of endogenous histone H3 in semi-permeabilised untreated cells or after 120-
minute treatment with 14 % w/v CHD. Left panel: DAPI. Right panel: histone H3. Zoom ins are at different
brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.18: CHD decreases or does not change nuclear histone H3 levels. Quantified nuclear histone H3
fluorescence signal normalised to untreated control in untreated or cells treated with 14 % w/v CHD. A) 30-minute
CHD treatment. B) 60-minute CHD treatment. C) 120-minute CHD treatment. Means of individual experimental
means are shown. Error bars: SEM. **** p < 0.0001, ** p < 0.01, ns not significant vs untreated cells with multi-
level model one-way ANOVA and Dunnett’s post hoc test.

Nuclear histone H3 intensities were reduced by about 40 % compared to untreated
cells after 30-minute CHD treatment (see Figure 5.15 and Figure 5.18A). This was
comparable to the reduction observed after 30-minute 10 uM PR20 treatment (see
Figure 4.31A). 50 uM GR20 and PR20 led to a higher decrease in nuclear histone
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H3 levels after 30 minutes compared to CHD with PR showing the strongest effect.
After 60-minute CHD treatment nuclear histone levels were lowered to levels of
about 75 % of those of untreated cells as indicated in Figure 5.16 and Figure 5.18B.
This was 2-fold more effective than 10 uM GR20 treatment and similar to 10 uM
PR20 after 60 minutes (see Figure 4.31B). 50 uM GR20 and 50 uM PR20 60-minute
treatment led to a 1.5-fold and 2-fold higher reduction of histone H3 levels,

respectively, in comparison to 60-minute CHD treatment.

120-minute CHD treatment did not lead to a significant reduction in nuclear histone
H3 levels compared to untreated cells (see Figure 5.17 and Figure 5.18C) with
nuclear histone H3 levels varying between cells. However, 50 uM GR20 and PR20 at
both used concentrations did significantly lower nuclear histone H3 intensities after
120 minutes (see Figure 4.31C).

Overall, CHD treatment reduced nuclear TDP43 levels to a similar degree as 50 uM
GR20 and 10 uM PR20. 14 % w/v CHD was more potent in decreasing nuclear
TDPA43 intensities than 10 uM GR20 as this only showed an effect after 120 minutes.
50 uM PR20 lowered nuclear TDP43 to a higher extent than CHD. Especially at
higher concentrations arginine containing COORF72 DPRs reduced nuclear histone
H3 levels more strongly than CHD. Surprisingly, CHD seemed to have the opposite
effect on hnRNP C1/2 localisation than poly-GR and -PR as it led to an increase in
nuclear hnRNP C1/2 intensities with longer incubation times whilst hnRNP C1/2
intensities were reduced upon poly-GR and -PR treatment. Especially these last
observations would not suggest that the reduction in nuclear levels of the nuclear
proteins tested by poly-GR and -PR were caused by a disruption in the nuclear

pore’s permeability barrier by interfering with FG-FG interactions.

5.3 Influence of RNAse A and DNAse | treatment on nuclear TDP43, hnRNP
C1/2 and histone H3 levels

In this section we tested whether poly-GR and -PR interfered with the binding of

TDP43, hnRNP C1/2 or histone H3 to RNA or DNA, causing enhanced nuclear

export of these proteins. We treated semi-permeabilised HeLa cells with RNAse A or

DNAse | for 15 minutes to remove nucleic acids and hence binding partners of
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TDP43, hnRNP C1/2 or histone H3. Cells were then fixed after a total of 30, 60 or
120 minutes and immunofluorescently stained for TDP43, hnRNP C1/2 or histone
H3. We could then again compare these findings with results from the same

experimental workflow obtained by treating cells with poly-GR and -PR.

To ensure that RNAse A treatment efficiently degraded RNA molecules we fixed
semi-permeabilised and RNAse A treated cells after 120 minutes and stained cells
with the RNA intercalating dye Pyronin Y (Kim and Sederstrom, 2015). Pyronin Y
intensity levels were significantly reduced after RNAse A treatment compared to
untreated cells as shown in Figure 5.19 and Figure 5.20. Therefore, RNAse A

treatment was effective and could be used in the subsequent experiments.

treated RNAse A

Pyronin Y

Figure 5.19: Effects of RNAse A treatment on RNA levels. Opera Phenix images of Pyronin Y (RNA dye)
staining in semi-permeabilised untreated cells or after 15 min RNAse A treatment and fixation after 120 min.

Scale bar: 50 pm.
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Figure 5.20: RNAse A reduces RNA levels. Quantified nuclear Pyronin Y fluorescence signal normalised to
untreated control in untreated or cells treated with RNAse A for 15 min, fixation after 120 min. Means of individual
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experimental means are depicted. N = 3. Error bars: SEM. **** p < 0.0001 vs untreated cells with multi-level
model one-way ANOVA and Dunnett’s post hoc test.

To also establish that DNAse | treatment led to sufficient degradation of DNA
molecules, cells were treated as described above and stained with the DNA
intercalating dye DAPI (Kapuscinski, 1995) post-fixation. DNAse | treatment led to a
significant decrease in DAPI intensity compared to untreated cells (see Figure 5.21
and Figure 5.22) and thus effectively reduced DNA levels. We therefore considered it
suitable for the next experiments. As lower DAPI levels made nuclear detection
using the DAPI channel more difficult cells were also stained for the nuclear
membrane protein Lamin B1 which was then used as the nucleus detection channel.

untreated DNAse |

Figure 5.21: Effects of DNAse | treatment on DNA levels. Opera Phenix images of DAPI (DNA dye) staining in
semi-permeabilised untreated cells or after 15 min DNAse | treatment and fixation after 120 min. Scale bar: 50
pm.
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Figure 5.22: DNAse | decreases DNA levels. Quantified nuclear DAPI fluorescence signal normalised to
untreated control in untreated or cells treated with DNAse | for 15 min, fixation after 120 min. Means of individual
experimental means are shown. N = 3. Error bars: SEM. * p < 0.05 vs untreated cells with multi-level model one-
way ANOVA and Dunnett’s post hoc test.
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Figure 5.23: Influence of RNAse A or DNAse | on nuclear levels of TDP43. Opera Phenix images of
immunofluorescence staining of endogenous TDP43 in semi-permeabilised untreated cells or after 15-minute
treatment with RNAse A or DNAse | as indicated, fixation after 30 min. Left panel: DAPI. Middle panel: Lamin B1.
Right panel: TDP43. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50
pm.

As depicted in Figure 5.23 and Figure 5.26A nuclear TDP43 levels were reduced by
RNAse A treatment after 30 minutes to about 25 % of the same levels in untreated
cells (p = 1.54x1077, Dunnett’s post-hoc test). DNAse | did not lead to a significant
reduction of nuclear TDP43 after 30 minutes but TDP43 appeared to be differently
distributed within the nucleus compared to untreated cells (see Figure 5.23). Nuclear
membrane levels of TDP43 which include TDP43 present within nuclear pores were
halved by RNAse A treatment compared to non-treatment with a p value of
3.11x1015 (Dunnett’s post-hoc test; see Figure 5.26B). DNAse | treatment had no
effect on nuclear membrane TDP43 levels. With the exception of 10 uM GR20
(which showed no effect) RNAse A and poly-GR and -PR treatment reduced nuclear

TDP43 levels in a similar manner (compare Figure 4.20A).
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Fixation after 60 minutes

DAPI Lamin B1 TDP43

RNAse A untreated

DNAse |

Figure 5.24: Effects of RNAse A or DNAse | on nuclear levels of TDP43. Opera Phenix images of
immunofluorescence staining of endogenous TDP43 in semi-permeabilised untreated cells or after 15-minute
treatment with RNAse A or DNAse | as indicated, fixation after 60 min. Left panel: DAPI. Middle panel: Lamin B1.
Right panel: TDP43. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50
pm.

After 60 minutes RNAse A treatment decreased nuclear TDP43 levels by about 70 %
compared to untreated cells (see Figure 5.24 and Figure 5.26C) with a p value of
4.31x10* (Dunnett’s post-hoc test). Nuclear membrane TDP43 levels were also
decreased by RNAse A treatment compared to untreated cells after 60-minute
incubation (p = 0.002, Dunnett’s post-hoc test; see Figure 5.26D). DNAse | treatment
did not change nuclear or nuclear membrane TDP43 levels after 60 minutes (see
Figure 5.26C and D). Effects on nuclear TDP43 localisation were quite similar
between RNAse A and arginine containing DPR treatment, except for 10 uM GR20
(compare Figure 4.20B).
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Fixation after 120 minutes

DAPI Lamin B1 TDP43

Figure 5.25: Impact of RNAse A or DNAse | on nuclear levels of TDP43. Opera Phenix images of
immunofluorescence staining of endogenous TDP43 in semi-permeabilised untreated cells or after 15-minute
treatment with RNAse A or DNAse | as indicated, fixation after 120 min. Left panel: DAPI. Middle panel: Lamin
B1. Right panel: TDP43. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50
pm.

untreated

RNAse A

DNAse |

Nuclear TDP43 levels were again reduced to about 25 % of the same levels in
untreated cells by RNAse A treatment after 120 minutes with a p value of 0.007
(Dunnett’s post-hoc test) as shown in Figure 5.25 and Figure 5.26E. DNAse |
treatment did not significantly affect nuclear TDP43 localisation compared to
untreated cells after 120 minutes. Nuclear membrane levels were decreased by
about 40 % by RNAse A treatment (p = 0.016, Dunnett’s post-hoc test) whilst DNAse
| treatment showed no effect compared to non-treatment after 120 minutes (see
Figure 5.26F). Compared to poly-GR/PR treatment RNAse A reduced nuclear
TDP43 levels to a similar extent after 120 minutes (compare Figure 4.20C).
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Figure 5.26: RNAse A reduces nuclear TDP43 levels. Quantified nuclear TDP43 fluorescence signal
normalised to untreated control in untreated or cells treated with RNAse A or DNAse I. A) Nucleoplasmic TDP43
levels with fixation after 30 minutes. B) Nuclear membrane TDP43 levels with fixation after 30 minutes. C)
Nucleoplasmic TDP43 levels with fixation after 60 minutes. D) Nuclear membrane TDP43 levels with fixation after
60 minutes. E) Nucleoplasmic TDP43 levels with fixation after 120 minutes. F) Nuclear membrane TDP43 levels
with fixation after 120 minutes. Means of individual experimental means are plotted. N = 3. Error bars: SEM. ** p
<0.01, * p <0.05 vs untreated cells with multi-level model one-way ANOVA and Dunnett’s post hoc test.

Overall, DNAse | treatment had no significant effect on nuclear TDP43 levels but
seemed to change its nuclear distribution. Effects of DNAse | on nuclear TDP43
localisation varied between experiments which explains the detected variability (see
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Figure 5.23, Figure 5.24 and Figure 5.25). Reduction of nuclear TDP43 localisation
by RNAse A treatment was independent of the incubation time with the decrease
occurring to similar extents at all tested time spans indicating that nuclear TDP43
decreased relatively fast. Effects of arginine containing C9ORF72 DPRs on nuclear

TDPA43 levels were similar to those of RNAse A.

Fixation after 30 minutes

DAPI Lamin B1 hnRNP C1/2

RNAse A untreated

DNAse |

Figure 5.27: Influence of RNAse A or DNAse | on nuclear localisation of hnRNP C1/2. Opera Phenix images
of immunofluorescence staining of endogenous hnRNP C1/2 in semi-permeabilised untreated cells or after 15-
minute treatment with RNAse A or DNAse | as indicated, fixation after 30 min. Left panel: DAPI. Middle panel:
Lamin B1. Right panel: hnRNP C1/2. Zoom ins are at different brightness and contrast settings as main images.
Scale bar: 50 pm.

Nuclear hnRNP C1/2 levels were reduced to about a quarter of levels observed in
untreated cells after 30-minute incubation as depicted in Figure 5.27 and Figure
5.30A. DNAse | had no significant effect on nuclear hnRNP C1/2 levels after 30
minutes but seemed to lead to a different nuclear distribution compared to untreated

cells. Nuclear membrane hnRNP C1/2 levels were reduced by RNAse A whilst they
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were increased by DNAse | treatment (see Figure 5.30B) possibly owing to the
nuclear redistribution of hLnRNP C1/2.

After 60 minutes RNAse A lowered nuclear hnRNP C1/2 intensities by about 75 %
compared to untreated cells (see Figure 5.28 and Figure 5.30C). Again, DNAse |
showed no significant effect on nuclear hLnRNP C1/2 levels but hnRNP C1/2 seemed
to be differently distributed compared to untreated cells. Nuclear membrane hnRNP
C1/2 levels were reduced to about 40 % of the same levels in untreated cells by
RNAse A after 60 minutes whilst DNAse | increased these levels compared to non-
treatment (see Figure 5.30D).

Fixation after 60 minutes

DAPI Lamin B1 hnRNP C1/2

untreated

RNAse A

DNAse |

Figure 5.28: Impact of RNAse A or DNAse | on nuclear localisation of hnRNP C1/2. Opera Phenix images of
immunofluorescence staining of endogenous hnRNP C1/2 in semi-permeabilised untreated cells or after 15-
minute treatment with RNAse A or DNAse | as indicated, fixation after 60 min. Left panel: DAPI. Middle panel:
Lamin B1. Right panel: hnRNP C1/2. Zoom ins are at different brightness and contrast settings as main images.
Scale bar: 50 pm.
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As depicted in Figure 5.29 and Figure 5.30E RNAse A treatment led to a 60 %
decline of hnRNP C1/2 levels after 120 minutes compared to untreated cells. DNAse
| showed no significant effect on nuclear hLnRNP C1/2 levels compared to untreated
cells after 120 minutes but nuclear hnRNP C1/2 distribution seemed to have
changed. Nuclear membrane levels were not significantly reduced by RNAse A after
120 minutes whilst they were significantly enhanced by DNAse | treatment (see
Figure 5.30F).

Fixation after 120 minutes

DAPI Lamin B1 hnRNP C1/2

untreated
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Figure 5.29: Effects of RNAse A or DNAse | on nuclear localisation of hnRNP C1/2. Opera Phenix images of
immunofluorescence staining of endogenous hnRNP C1/2 in semi-permeabilised untreated cells or after 15-
minute treatment with RNAse A or DNAse | as indicated, fixation after 120 min. Left panel: DAPI. Middle panel:
Lamin B1. Right panel: hnRNP C1/2. Zoom ins are at different brightness and contrast settings as main images.
Scale bar: 50 pm.

Overall, RNAse A had similar effects on nuclear hnRNP C1/2 at different timepoints
indicating that hnRNP C1/2 is lost from the nucleus already after a short treatment
time. DNAse | treatment led to a different nuclear distribution of hnRNP C1/2 with it

being predominantly located at the nuclear membrane. RNAse A treatment seemed
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to lower nuclear hnRNP C1/2 to a greater extent than arginine containing DPRs
especially when the latter were used at 10 uM but the direction of the observed effect

was the same between the two treatment types (compare section 4.3).
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Figure 5.30: RNAse A decreases whilst DNAse | increases nuclear hnRNP C1/2 levels. Quantified nuclear
hnRNP C1/2 fluorescence signal normalised to untreated control in untreated or cells treated with RNAse A or
DNAse I. A) Nucleoplasmic hnRNP C1/2 levels with fixation after 30 minutes. B) Nuclear membrane hnRNP C1/2
levels with fixation after 30 minutes. C) Nucleoplasmic hnRNP C1/2 levels with fixation after 60 minutes. D)
Nuclear membrane hnRNP C1/2 levels with fixation after 60 minutes. E) Nucleoplasmic hnRNP C1/2 levels with
fixation after 120 minutes. F) Nuclear membrane hnRNP C1/2 levels with fixation after 120 minutes. Means of
individual experimental means are depicted. N =3. Error bars: SEM. **** p < 0.0001, ** p < 0.01vs untreated cells
with multi-level model one-way ANOVA and Dunnett’s post hoc test.
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Fixation after 30 minutes

DAPI Lamin B1 histone H3

Figure 5.31: Influence of RNAse A or DNAse | on nuclear levels of histone H3. Opera Phenix images of
immunofluorescence staining of endogenous histone H3 in semi-permeabilised untreated cells or after 15-minute
treatment with RNAse A or DNAse | as indicated, fixation after 30 min. Left panel: DAPI. Middle panel: Lamin B1.
Right panel: histone H3. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50
pm.
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As depicted in Figure 5.31 and Figure 5.34A nuclear histone H3 levels were reduced
by about 70 and 60 % by 30-minute RNAse A and DNAse | treatment, respectively,
in comparison to untreated cells. Nuclear membrane histone H3 levels were also
reduced by both RNAse A and DNAse | after 30 minutes but only by about 25 - 30 %
(see Figure 5.34B).

After 60 minutes nuclear histone H3 levels were again decreased by 70 and 60 % by
RNAse A and DNAse | treatment, respectively, compared to untreated cells (see
Figure 5.32 and Figure 5.34C). Nuclear membrane levels of histone H3 were only
lowered upon RNAse A treatment after 60 minutes to about 75 % of the levels of

untreated cells (see Figure 5.34D).
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Figure 5.32: Impact of RNAse A or DNAse | on nuclear levels of histone H3. Opera Phenix images of
immunofluorescence staining of endogenous histone H3 in semi-permeabilised untreated cells or after 15-minute
treatment with RNAse A or DNAse | as indicated, fixation after 60 min. Left panel: DAPI. Middle panel: Lamin B1.
Right panel: histone H3. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50
pm.

RNAse A and DNAse | decreased nuclear histone H3 levels by about 60 %
compared to untreated cells after 120 minutes (see Figure 5.33 and Figure 5.34E).
DNAse | treatment but not RNAse A treatment resulted in a 25 % reduction of
nuclear membrane histone H3 levels after 120 minutes (see Figure 5.34F). Overall,
the influence of nuclease treatment and arginine containing DPRs on nuclear histone

H3 levels seemed to go in the same direction (compare section 4.3).
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Figure 5.33: Effects of RNAse A or DNAse | on nuclear levels of histone H3. Opera Phenix images of
immunofluorescence staining of endogenous histone H3 in semi-permeabilised untreated cells or after 15-minute
treatment with RNAse A or DNAse | as indicated, fixation after 120 min. Left panel: DAPI. Middle panel: Lamin
B1. Right panel: histone H3. Zoom ins are at different brightness and contrast settings as main images. Scale
bar: 50 pm.

Nuclear levels of TDP43, hnRNP C1/2 and histone H3 were reduced in the same
manner by nuclease and poly-GR/PR treatment. This suggests that nuclear
localisation of nucleic acid binding proteins could be promoted by their interaction
with RNA and DNA. Furthermore, poly-GR and -PR might have disturbed this
interaction with RNA/DNA of TDP43, hnRNP C1/2 and histone which potentially led
to their enhanced export from the nucleus.
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Figure 5.34: RNAse A and DNAse | lower nuclear histone H3 levels. Quantified nuclear histone H3
fluorescence signal normalised to untreated control in untreated or cells treated with RNAse A or DNAse I. A)
Nucleoplasmic histone H3 levels with fixation after 30 minutes. B) Nuclear membrane histone H3 levels with
fixation after 30 minutes. C) Nucleoplasmic histone H3 levels with fixation after 60 minutes. D) Nuclear
membrane histone H3 levels with fixation after 60 minutes. E) Nucleoplasmic histone H3 levels with fixation after
120 minutes. F) Nuclear membrane histone H3 levels with fixation after 120 minutes. Means of individual
experimental means are plotted. N = 3. Error bars: SEM. **** p < 0.0001, *** p < 0.001, ** p <0.01, * p <0.05, vs
untreated cells with multi-level model one-way ANOVA and Dunnett’s post hoc test.
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5.4 Impact of C9ORF72 DPRs on nucleocytoplasmic transport factors

To test whether the passive nucleocytoplasmic transport enhancement by poly-GR
and -PR was caused by the interference of these DPRs with the localisation of
nucleocytoplasmic transport factors we subjected HelLa cells to the permeabilisation
assay, treated them with 10 uM C9ORF72 DPRs for 2 hours (treatment time where
also 10 uM GR20 affected nuclear TDP43 localisation as described in section 4.3)
and immunostained cells for various nucleocytoplasmic transport proteins. As FG
nucleoporins (nuclear pore proteins) are forming the permeability barrier of the
nuclear pore (Schmidt and Gérlich, 2016) we investigated a selection of human FG
nucleoporins namely, NUP98, POM121, NUP153, NUP54 and RanBP2 (Lyngdoh et
al., 2021). We also studied the localisation of Ran and its regulating factors
RanGAP1 and RCC1, and of import receptors importin 1, a1 and a3. We aimed to
investigate the influence of poly-GR and -PR on all these transport factors in our
semi-permeabilised cell system and thus the contribution of these effects on the

increase of passive nucleocytoplasmic transport.

Nucleoporins

We investigated the localisation of a range of FG nucleoporins upon C90RF72 DPR
treatment as a change in their localisation might affect the permeability barrier of the
nuclear pore. The cytoplasmic filament nucleoporin RanBP2 also plays a role in
hydrolysis of RanGTP to RanGDP (Beddow et al., 1995; Vetter et al., 1999). As
shown in Figure 5.35 in untreated cells, NUP98 was found predominantly at the
nuclear membrane, where nuclear pores reside, as would be expected. However, it
also showed some nucleoplasmic staining in cells. We therefore quantified both
nucleoplasmic and nuclear membrane levels of NUP98 (and of all other transport
factors localising to these compartments in untreated cells). Nucleoplasmic
nucleoporin NUP98 levels were not changed by GP20 treatment compared to
untreated cells (see Figure 5.35 and Figure 5.36A). PR20 significantly lowered
nucleoplasmic NUP98 by about 80 % compared to non-treatment with a p value of
3.82x1013 (Dunnett’s post-hoc test). A trend to a decrease in nucleoplasmic NUP98
levels was observed after poly-GR and a trend to an increase in the same levels was
detected after poly-GA treatment compared to untreated cells. Nuclear membrane

levels (and thus levels within the nuclear pore) of NUP98 were significantly reduced
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by PR treatment by about 25 % compared to untreated cells (p = 8.37x107°,
Dunnett’s post-hoc test) whilst no significant change was detected with any other
DPR treatment (see Figure 5.36B).

PR20 GR20 GP20 untreated

GA10

Figure 5.35: Effects of COORF72 DPRs on nuclear NUP98 levels. Opera Phenix images of
immunofluorescence staining of endogenous NUP98 in semi-permeabilised untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right panel:
NUP98. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.36: Poly-PR decreases nuclear NUP98 levels. Quantified nuclear NUP98 fluorescence signal
normalised to untreated control in untreated cells or after 120-minute treatment with 10 uM of different COORF72
dipeptide repeat proteins as indicated. A) Nucleoplasmic NUP98 levels. B) Nuclear membrane NUP98 levels.
Means of individual experimental means are plotted. N = 3. Error bars: SEM. **** p < 0.0001 vs untreated cells
with multi-level model one-way ANOVA and Dunnett’s post hoc test.

FG and transmembrane nucleoporin POM121 also showed staining at both the
nuclear membrane/nuclear pore and in the nucleoplasm in untreated cells as
depicted in Figure 5.37. GP20 and GA10 treatment did not significantly alter
nucleoplasmic levels of nucleoporin POM121 compared to untreated cells (see
Figure 5.37 and Figure 5.38A). Nucleoplasmic POM121 was significantly decreased
by about 80 % by poly-PR (p = 3.38x10%, Dunnett’s post-hoc test) and trended to
decrease upon poly-GR treatment compared to untreated cells. Nuclear membrane
or nuclear pore POM121 levels were only significantly changed by PR20 which led to
a 40 % reduction of these levels compared to non-treatment with a p value of
2.2x10°7 (Dunnett’s post-hoc test; see Figure 5.38B).
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Figure 5.37: Influence of COORF72 DPRs on nuclear POM121 levels. Opera Phenix images of
immunofluorescence staining of endogenous POM121 in semi-permeabilised untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right panel:
POM121. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pum.
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Figure 5.38: Poly-PR reduces nuclear POM121 levels. Quantified nuclear POM121 fluorescence signal
normalised to untreated control in untreated cells or after 120-minute treatment with 10 uM of different COORF72
dipeptide repeat proteins as indicated. A) Nucleoplasmic POM121 levels. B) Nuclear membrane POM121 levels.
Means of individual experimental means are shown. N = 3. Error bars: SEM. **** p < 0.0001 vs untreated cells
with multi-level model one-way ANOVA and Dunnett’s post hoc test.

Nuclear basket FG nucleoporin NUP153 only localised to the nuclear membrane,
hence nuclear pore, in untreated cells as shown in Figure 5.39. Nuclear
membrane/pore NUP153 was not influenced by C9ORF72 DPR treatment as
depicted in Figure 5.39 and Figure 5.40.

Central channel FG nucleoporin NUP54 staining was detected at the nuclear
membrane/nuclear pore and in the nucleoplasm in untreated cells as illustrated in
Figure 5.41. GR20 and PR20 treatment halved nucleoplasmic levels of nucleoporin
NUP54 compared to untreated cells with a p value of 1.17x1017 and 1.73x10%?,
respectively (Dunnett’s post-hoc test; see Figure 5.41 and Figure 5.42A) whilst
nuclear membrane/pore levels were increased about 1.4-fold by poly-GR (p near 0,
Dunnett’s post-hoc test) potentially indicating a redistribution of NUP54 and were not
changed by poly-PR compared to untreated cells (see Figure 5.42B).
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Figure 5.39: Impact of COORF72 DPRs on nuclear membrane NUP153 levels. Opera Phenix images of
immunofluorescence staining of endogenous NUP153 in semi-permeabilised untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right panel:
NUP153. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.

1

D

6



Nuclear membrane Nup153

- Iiii
0.00

untreated GP20 GR20 PR20 GA10

5))
o

[yl
o

o
o

Norm. fluorescence intensity
(norm. to control)
o o
W -~
o [}

Figure 5.40: Nuclear membrane NUP153 levels are not changed upon C9ORF72 DPR treatment. Quantified
nuclear NUP153 fluorescence signal normalised to untreated control in untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. A) Nucleoplasmic NUP153
levels. B) Nuclear membrane NUP153 levels. Means of individual experimental means are depicted. N = 3. Error
bars: SEM. Treated vs untreated cells with multi-level model one-way ANOVA and Dunnett’s post hoc test.

DAPI Nup54

GR20 untreated

PR20

Figure 5.41: Effects of COORF72 DPRs on nuclear NUP54 |localisation. Opera Phenix images of
immunofluorescence staining of endogenous NUP54 in semi-permeabilised untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right panel:
NUP54. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.42: Poly-GR and -PR lower nuclear NUP54 levels. Quantified nuclear NUP54 fluorescence signal
normalised to untreated control in untreated cells or after 120-minute treatment with 10 uM of different COORF72
dipeptide repeat proteins as indicated. A) Nucleoplasmic NUP54 levels. B) Nuclear membrane NUP54 levels.
Means of individual experimental means are plotted. N = 3. Error bars: SEM. **** p < 0.0001 vs untreated cells
with multi-level model one-way ANOVA and Dunnett’s post hoc test.

As depicted in Figure 5.43 cytoplasmic filament FG nucleoporin RANBP2 is
exclusively located to the nuclear pore/membrane in untreated cells. Nuclear
membrane and pore levels of nucleoporin RANBP2 were not significantly changed
by GP20, GR20 or GA10 treatment whilst PR20 treatment caused a 25 % decrease
compared to untreated cells with a p value of 0.04 (Dunnett’s post-hoc test; see
Figure 5.43 and Figure 5.44).
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Figure 5.43: Impact of COORF72 DPRs on nuclear membrane RANBP2 localisation. Opera Phenix images
of immunofluorescence staining of endogenous RANBP2 in semi-permeabilised untreated cells or after 120-
minute treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right
panel: RANBP2. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 um.
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Figure 5.44: Nuclear membrane RANBP?2 levels are decreased upon poly-PR treatment. Quantified nuclear
membrane RANBP2 fluorescence signal normalised to untreated control in untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Means of individual
experimental means are depicted. N = 3. Error bars: SEM. * p < 0.05 vs untreated cells with multi-level model
one-way ANOVA and Dunnett’s post hoc test.

The antibody mAb414 broadly recognises FG nucleoporins. As depicted in Figure
5.45 mAb414 staining was found at the nuclear membrane, thus within nuclear pores
in untreated cells. Staining with the antibody mAb414, was not significant altered by
DPR treatment but a trend to reduction could be observed after PR20 treatment

compared to untreated cells (see Figure 5.45 and Figure 5.46).
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Figure 5.45: Influence of COORF72 DPRs on nuclear membrane mAb414 staining. Opera Phenix images of
immunofluorescence mAb414 staining in semi-permeabilised untreated cells or after 120-minute treatment with
10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right panel: MAb414.
Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.46: MAb414 nuclear membrane staining is not affected by C9ORF72 DPRs. Quantified nuclear
membrane mAb414 fluorescence signal normalised to untreated control in untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Means of individual
experimental means are shown. N = 3. Error bars: SEM. Treated vs untreated cells vs untreated cells with multi-
level model one-way ANOVA and Dunnett’s post hoc test.

Ran and Ran regulating factors

We also studied potential changes in localisation of Ran, RCC1 and RanGAP1 upon
C90RF72 DPR treatment. RCC1 catalyses conversion of RanGDP to RanGTP in
the nucleus (Klebe et al., 1995; Renault et al., 2001). RanGAP1 mediates hydrolysis
of RanGTP to RanGDP in the cytoplasm (Stewart, 2007). This Ran gradient is
essential for active nucleocytoplasmic transport (Stewart, 2007). However, as these
factors localise to the nuclear pore their localisation could potentially also interfere
with passive nucleocytoplasmic transport.

Ran was found to localise to the nucleoplasm and to the nuclear membrane as
expected in untreated cells as depicted in Figure 5.47. Levels of nucleoplasmic Ran
were not changed by poly-GP and -GA but were reduced by about 90 % by poly-PR
(p = 0.04, Dunnett’s post-hoc test; see Figure 5.47 and Figure 5.48A). A trend
towards a decrease of nucleoplasmic Ran was observed after GR treatment
compared to non-treatment. Nuclear membrane Ran levels which also comprise of
Ran within the nuclear pore were not altered by DPRs, but levels trended towards a

decrease after poly-PR treatment (see Figure 5.48B).
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Figure 5.47: Effects of COORF72 DPRs on nuclear RAN localisation. Opera Phenix images of
immunofluorescence staining of endogenous RAN in semi-permeabilised untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right panel:
RAN. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.48: Poly-PR decreases nuclear RAN levels. Quantified nuclear RAN fluorescence signal normalised
to untreated control in untreated cells or after 120-minute treatment with 10 uM of different COORF72 dipeptide
repeat proteins as indicated. A) Nucleoplasmic RAN levels. B) Nuclear membrane RAN levels. Means of
individual experimental means are depicted. N = 3. Error bars: SEM. * p < 0.05 vs untreated cells with multi-level
model one-way ANOVA and Dunnett’s post hoc test.

As shown in Figure 5.49 RanGAPL1 purely localised to the nuclear membrane in
untreated cells as expected due to its function. Nuclear membrane and pore levels of
RanGAPL1 did not show a significant change upon COORF72 DPR treatment,
however a trend to reduction was observed after PR20 treatment compared to
untreated cells (see Figure 5.49 and Figure 5.50).
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Figure 5.49: Influence of COORF72 DPRs on nuclear membrane RANGAP1 levels. Opera Phenix images of
immunofluorescence staining of endogenous RANGAPL1 in semi-permeabilised untreated cells or after 120-
minute treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right
panel: RANGAP1. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.50: CO9ORF72 DPRs do not change nuclear membrane RANGAPL1 levels. Quantified nuclear
membrane RANGAP1 fluorescence signal normalised to untreated control in untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Means of individual
experimental means are plotted. N = 3. Error bars: SEM. Treated vs untreated cells with multi-level model one-
way ANOVA and Dunnett’s post hoc test.

RCC1 localisation was detected within the nucleoplasm and at the nuclear
membrane in untreated cells as shown in Figure 5.51. GR20 halved nucleoplasmic
levels of Ran regulator RCC1 (p = 0.039, Dunnett’s post-hoc test) and PR20
decreased these levels by 90 % compared to untreated cells with a p value of
3.02x101% (Dunnett’s post-hoc test; see Figure 5.51 and Figure 5.52A). GP20 did not
alter nucleoplasmic RCC1 whilst GA10 led to a trend in increased nucleoplasmic
RCC1 levels compared to untreated cells. Nuclear membrane RCC1 levels, which
also reflect RCC1 associated with the nuclear pore, were reduced by 50 % by poly-
PR (p = 6.13x108, Dunnett’s post-hoc test) whilst a trend to enhanced nuclear
membrane RCCL1 levels was observed again after poly-GA treatment compared to
untreated cells (see Figure 5.52B). GR20 and GP20 did not significantly influence
nuclear membrane RCC1 levels compared to untreated cells.
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Figure 5.51: Impact of COORF72 DPRs on nuclear RCC1 localisation. Opera Phenix images of
immunofluorescence staining of endogenous RCC1 in semi-permeabilised untreated cells or after 120-minute
treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right panel:
RCCL1. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.52: Poly-GR and -PR decrease nuclear RCC1 levels. Quantified nuclear RCC1 fluorescence signal
normalised to untreated control in untreated cells or after 120-minute treatment with 10 pM of different COORF72
dipeptide repeat proteins as indicated. A) Nucleoplasmic RCC1 levels. B) Nuclear membrane RCC1 levels.
Means of individual experimental means are depicted. N = 3. Error bars: SEM. **** p < 0.0001, * p < 0.05 vs
untreated cells with multi-level model one-way ANOVA and Dunnett’s post hoc test.

Import receptors

Actively transported cargo is translocated from the cytoplasm to the nucleus by
import receptors (Kimura and Imamoto, 2014). However, studies suggest that import
receptors, especially importin 1, might contribute to the permeability barrier of the
nuclear pore (Kapinos et al., 2017; Lowe et al., 2015). We, therefore, investigated
localisation of importin 1, a1 and a3 upon DPR treatment.

As depicted in Figure 5.53 importin 1 mainly localised to the nuclear membrane and
at low levels to the nucleoplasm in untreated cells. This was also observed in
another study using semi-permeabilised cells (Kapinos et al., 2017). Nucleoplasmic
levels of transport receptor Importin 31 were decreased by 20 % by poly-GR and by
50 % by poly-PR with p values of 0.018 and 2.11x107, respectively (Dunnett’s post-
hoc test) whilst not significantly changed by poly-GP and -GA compared to untreated
cells (see Figure 5.53 and Figure 5.54A). As shown in Figure 5.54B nuclear
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membrane importin B1 levels, also comprised of importin 31 at the nuclear pore,
were slightly increased after GP20 treatment and trended to decrease after PR20
treatment. GR20 and GA10 treatment did not significantly alter nuclear membrane

importin 1 levels.

Impoin 1
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Figure 5.53: Effects of COORF72 DPRs on nuclear importin 1 levels. Opera Phenix images of
immunofluorescence staining of endogenous importin 1 in semi-permeabilised untreated cells or after 120-
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minute treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right
panel: Importin 1. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.54: Poly-GR and -PR reduce nuclear importin B1 levels. Quantified nuclear importin 1 fluorescence
signal normalised to untreated control in untreated cells or after 120-minute treatment with 10 pM of different
C90RF72 dipeptide repeat proteins as indicated. A) Nucleoplasmic importin 1 levels. B) Nuclear membrane
importin B1 levels. Means of individual experimental means are shown. N = 3. Error bars: SEM. **** p < 0.0001, *
p < 0.05 vs untreated cells with multi-level model one-way ANOVA and Dunnett’s post hoc test.

Importin a1 was detected in the nucleoplasm and at the nuclear membrane in
untreated cells as depicted in Figure 5.55. Nucleoplasmic levels of transport receptor
importin a1 were not significantly altered by DPR treatment but a trend towards a
decrease was detected after poly-GR and -PR treatment compared to untreated cells
as depicted in Figure 5.55 and Figure 5.56A. Nuclear membrane importin a1 was not
significantly changed by COORF72 DPRs either but levels trended towards a
reduction after PR20 treatment (see Figure 5.56B).
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Figure 5.55: Influence of COORF72 DPRs on nuclear importin a1 levels. Opera Phenix images of
immunofluorescence staining of endogenous importin a1 in semi-permeabilised untreated cells or after 120-
minute treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right
panel: Importin a1. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.56: Nuclear importin a1 localisation is not affected by poly-GR and -PR. Quantified nuclear
importin a1 fluorescence signal normalised to untreated control in untreated cells or after 120-minute treatment
with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Means of individual experimental means
are plotted. N = 3. A) Nucleoplasmic importin a1 levels. B) Nuclear membrane importin a1 levels. Error bars:
Treated vs untreated cells with multi-level model one-way ANOVA and Dunnett’s post hoc test.

As illustrated in Figure 5.57 importin a3 localised to the nuclear membrane and to
the nucleoplasm. Transport receptor importin a3’s nucleoplasmic levels were
decreased by 70 % and 90 % by poly-GR and -PR, respectively (p near 0, Dunnett’s
post-hoc test) whilst poly-GP and -GA did not influence these levels compared to
non-treatment as shown in Figure 5.57 and Figure 5.58B. Nuclear membrane
comprising nuclear pore levels of importin a3 were reduced by 25 % by GR20 and by
60 % by PR20 (p = 0.046 for poly-GR and p = 2x10°° for poly-PR treatment,
Dunnett’s post-hoc test) whilst they were increased 1.2-fold by GP20 (p = 2.4x104,
Dunnett’s post-hoc test) and not changed by GA10 compared to untreated cells (see
Figure 5.58B).
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Figure 5.57: Impact of CO9ORF72 DPRs on nuclear importin a3 levels. Opera Phenix images of
immunofluorescence staining of endogenous importin a3 in semi-permeabilised untreated cells or after 120-
minute treatment with 10 uM of different COORF72 dipeptide repeat proteins as indicated. Left panel: DAPI. Right
panel: Importin a3. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.58: Poly-GR and -PR lower nuclear importin a3 levels. Quantified nuclear importin a3 fluorescence
signal normalised to untreated control in untreated cells or after 120-minute treatment with 10 pM of different
C90ORF72 dipeptide repeat proteins as indicated. A) Nucleoplasmic importin a3 levels. B) Nuclear membrane
importin a3 levels. Means of individual experimental means are shown. N = 3. Error bars: SEM. **** p < 0.0001, *
p < 0.05 vs untreated cells with multi-level model one-way ANOVA and Dunnett’s post hoc test.

In summary (as depicted in Table 5.1), levels at the nuclear pore (as opposed to
nucleoplasmic levels) of FG nucleoporins NUP98, POM121 and RANBP2 were
significantly lowered by PR20. Nucleoplasmic RAN and RCC1 levels were reduced
by poly-PR and both poly-GR and -PR, respectively. PR20 also lowered nuclear
membrane RCCL1 levels. In terms of transport receptors, nucleoplasmic levels of
importin 1 and a3 as well as nuclear membrane importin a3 levels were significantly
decreased upon treatment with poly-GR and -PR. Therefore, nucleocytoplasmic
transport factor localisation was substantially affected by arginine containing
C90RF72 DPRs. These DPRs led to a change in nuclear pore composition and
potentially to altered interactions of nuclear pore binding partners such as importins
with nucleoporins. This probably contributed to the enhancement of passive
nucleocytoplasmic transport by poly-GR and -PR we detected as these changes

likely affected the permeability barrier of the nuclear pore.
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Transport factor Change Change nuclear
nucleoplasm membrane
Nucleoporins
NUP98 ¥ PR ¥ PR
POM121 Vv PR V¥ PR
NUP153 -- no change
NUP54 ¥ GR, PR t GRrR
RANBP2 - V¥ PR
MAB414 - no change
Ran regulating
factors
RAN ¥ PR no change
RANGAP1 - no change
RCC1 ¥ GR, PR ¥ PR
Import receptors
ImpB1 ¥ GR, PR no change
Impa no change no change
Impa3 ¥ GR, PR ¥ GR, PR

Table 5.1: Summary of changes in transport factor localisation in semi-permeabilised HeLa cells upon poly-GR
and -PR treatment.

5.5 Reversing effects of poly-GR and -PR on passive nuclear TDP43 export by
WGA treatment
Another aim of this chapter was to find ways to counteract the enhancement of
passive nucleocytoplasmic transport by poly-GR and -PR. To this end, we first made
use of the lectin wheat germ agglutinin (WGA), which is known to inhibit active
nucleocytoplasmic transport by binding to N-acetylglucosamine residues on
nucleoporins (Finlay et al., 1987; Ribbeck and Goarlich, 2002) and thus “blocking” the
nuclear pore, hence making it less permeable for cargo translocation. We intended
to establish whether “blocking” the nuclear pore could prevent the enhanced passive
nuclear export of TDP43 in semi-permeabilised HeLa cells resulting from arginine

containing C9ORF72 DPR treatment. To this end, we treated semi-permeabilised
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HelLa cells with 1 mg/ml WGA for 1 hour and subsequently with 10 or 50 uM GR20
and PR20 for 2 hours and then immunostained cells for TDP43.

untreated

TDP43

10 uM PR20 50 uM GR20 10 uM GR20 untreated

50 uM PR20

Figure 5.59: Reversal of influence of COORF72 arginine containing DPRs on nuclear localisation of TDP43
by WGA. Opera Phenix images of immunofluorescence staining of endogenous TDP43 in semi-permeabilised
untreated cells or after 1-hour treatment with 1 mg/ml WGA for 1 hour as indicated. Subsequently, cells were
either treated with different COORF72 dipeptide repeat proteins at varying concentrations or left untreated as
indicated. Far-left panel: DAPI. Second from left panel: TDP43. Second from right panel: DAPI. Far-right panel:
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TDPA43. First two panels from the left: Cells not treated with WGA. Third and fourth panel from the left: WGA-
treated cells. Zoom ins are at different brightness and contrast settings as main images. Scale bar: 50 pm.
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Figure 5.60: WGA treatment counteracts reduction of nuclear TDP43 by poly-GR and -PR. Quantified
nuclear TDP43 fluorescence signal normalised to untreated control in untreated (red) or cells treated with 1
mg/ml WGA (blue). Subsequently cells were either left untreated or treated with varying concentrations of
arginine containing DPRs as indicated N = 3. Error bars: SEM. **** p<0.0001, * p < 0.05 with multi-level model
two-way ANOVA and Tukey’s post hoc test.

As we observed previously (see section 4.3) a 2-hour treatment with GR20 and
PR20 at concentrations of 10 and 50 uM led to a significant reduction in nuclear
TDP43 levels as depicted in Figure 5.59 and Figure 5.60. Nuclear levels of TDP43
were slightly higher (although not significantly) in WGA treated cells which did not
receive DPR treatment than in completely untreated cells. This suggests that low
levels of TDP43 passively diffused out of the nucleus even in untreated cells. This
could be prevented by WGA treatment. Effects of high concentration (50 uM) DPR
treatments on nuclear TDP43 localisation could not be reversed by WGA treatment.
However, the substantial decrease of nuclear TDP43 upon 10 uM PR20 could be
significantly increased by 1.5-fold upon WGA treatment (p near 0, Tukey’s post-hoc
test). The milder lowering of nuclear TDP43 levels by 10 uM GR20 treatment could
be brought back to levels observed in untreated controls upon WGA treatment (p =
0.014, Tukey’s post-hoc test). Thus, WGA treatment resulted in a full or partial
rescue of the enhanced nuclear export of TDP43 caused by 10 uM poly-GR or -PR,

respectively.
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5.6 Investigating the potential to rescue increased passive nucleocytoplasmic

transport caused by poly-GR and -PR with importin 31 treatment
A second rescue strategy we developed was to treat cells with exogenous importin
B1 as we found that nuclear importin 1 was reduced in poly-GR and -PR treated
cells and also reduced at the nuclear membrane in poly-PR treated cells compared
to untreated cells (see section 5.4). Furthermore, it was previously shown that
decreased importin B1 levels at the nuclear pore led to increased permeability of the
nuclear pore (Kapinos et al., 2017; Lowe et al., 2015). We therefore reasoned that
resupplying importin 31 might revert the reduction of importin 1 caused by arginine
containing COORF72 DPRs and at the same time the reduced restrictiveness of the
nuclear pore. Hence, we subjected HelLa cells to the same transport assay as in
previous chapters and treated cells for 30 minutes with 10 uM GR20 and
subsequently for 1 hour with 100 nM importin B1. We then followed the nuclear

uptake of FITC labelled 20 kDa dextran by live confocal microscopy.

As observed previously (see section 4.1) and as depicted in Figure 5.61 and Figure
5.62 20 kDa dextran readily entered the nucleus in untreated cells and its nuclear
import was significantly increased upon GR20 treatment. Importin 31 treatment alone
did not alter the import dynamics of 20 kDa dextran in non-DPR treated cells (see
Figure 5.62) compared to cells not treated with importin 1 nor with GR20. Importin
B1 treatment, therefore, did not allow for enhanced passive diffusion of 20 kDa
dextran under physiological conditions. Cells treated with both importin 31 and poly-
GR still exhibited enhanced nuclear import of 20 kDa dextran to the same extent as
cells treated with GR20 but not importin B1. Therefore, supplementation of importin
1 could not revert the effects of poly-GR on passive nuclear import of reporter

cargo.
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untreated Importin B1
20 kDa dextran 20 kDa dextran

untreated

GR20

Figure 5.61: Influence of importin 1 on enhancement of passive nuclear import of 20 kDa dextran by
poly-GR. Spinning disk confocal microscope images of semi-permeabilised untreated HelLa cells and cells
treated with 10 uM of poly-GR for 30 minutes as indicated. Subsequently cells were either left untreated or
treated with 100 nM importin $1 for 1 hour as indicated. Images depict 4-minute incubation with 20 kDa dextran.
Far-left panel: DAPI channel. Second from left panel: FITC 20 kDa dextran channel. Second from right panel:
DAPI channel. Far-right panel: FITC 20 kDa dextran channel. First two panels from the left: Cells not treated with
importin $1. Third and fourth panel from the left: Importin 31-treated cells. Scale bar: 20 pm.
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Figure 5.62: Importin 1 treatment does not reverse passive nuclear import increase of 20 kDa dextran by
poly-GR. Quantification of passive nuclear import of 20 kDa dextran (shown as nuclear fluorescence normalised
to nuclear and general background) over time in semi-permeabilised untreated or poly-GR treated HeLa cells.
Subsequently cells were either left untreated or treated with importin 31. Untreated condition depicted in red,
importin 31 treatment without poly-GR treatment in orange, GR20 treatment in green, GR20 treatment in
combination with importin 31 treatment in blue. Means of individual experimental means are depicted. N = 3.
Error bars: SEM. **** p < 0.0001 with two-way repeated measures ANOVA and Tukey’s post hoc test.
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Furthermore, we analysed whether the increase in nuclear export of TDP43 resulting
from poly-GR or -PR treatment could be inhibited by importin 31 treatment.
Therefore, we treated semi-permeabilised HelLa cells for 1 hour with 100 nM importin
B1 and subsequently with 10 uM GR20 or PR20 for another hour. We then fixed the
cells and immunostained them for TDP43. As shown in Figure 5.63 and Figure 5.64
nuclear TDP43 levels were depleted in cells treated with GR20 or PR20 compared to
untreated cells. Effects of poly-PR treatment on nuclear TDP43 localisation were
comparable to previous observations while poly-GR treatment resulted in a higher
decrease of nuclear TDP43 levels as seen previously (compare section 4.3). Cells
treated with both importin 31 and poly-GR or -PR exhibited similar nuclear TDP43
levels as cells solely treated with poly-GR or -PR (see Figure 5.64). As observed in
previous experiments (compare section 5.4) nuclear importin B1 levels were reduced
upon poly-GR or -PR treatment (see Figure 5.65). Surprisingly, nuclear importin 31
levels were even lower in cells supplemented with importin 81 than in cells not
treated with importin 1. In any case, importin 1 treatment did not alleviate the

reduction of nuclear TDP43 upon arginine after COORF72 DPR treatment.
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Figure 5.63: Effect of importin 1 on increase of passive nuclear export of TDP43 by poly-GR or -PR.
Opera Phenix images of immunofluorescence staining of endogenous TDP43 in semi-permeabilised untreated
cells or after 1 hour treatment with 100 nM importin 1 as indicated. Subsequently cells were either left untreated
or treated with 10 uM arginine containing COORF72 DPRs for 1 hour as indicated. Left panel: DAPI. Middle
panel: TDP43. Right panel: Importin 1. Zoom ins are at different brightness and contrast settings as main
images. Scale bar: 50 pm.
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Figure 5.64: Importin 81 treatment does not reverse passive nuclear export enhancement of TDP43 by
poly-GR or -PR. Quantified nuclear TDP43 fluorescence signal normalised to untreated control in untreated (red)
or cells treated with 100 nM importin 1 (blue). Subsequently cells were either left untreated or treated with 10
MM of arginine containing DPRs as indicated. Means of individual experimental means are shown. N = 3. Error
bars: SEM. ns: non-significant with multi-level model two-way ANOVA and Tukey’s post hoc test.
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Figure 5.65: Nuclear importin 81 signal is not increased upon addition of exogenous importin 1.
Quantified nuclear importin 1 fluorescence signal normalised to untreated control in untreated (red) or cells
treated with 100 nM importin 1 (blue). Subsequently cells were either left untreated or treated with 10 uM of
arginine containing DPRs as indicated. Means of individual experimental means are plotted. N = 3. Error bars:
SEM. **** p < 0.0001 with multi-level model two-way ANOVA and Tukey’s post hoc test.
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5.7 Discussion

In the previous chapter we established that poly-GR and -PR increased passive
nuclear import of reporter cargo and passive nuclear export of endogenous TDP43
and other nuclear proteins. Possible mechanisms of action were elucidated in this
chapter.

5.7.1 CHD treatment differs from poly-GR and -PR treatment

To investigate potential modes of action of arginine containing DPRs on passive
nucleocytoplasmic transport we compared DPR effects on this pathway with effects
of compounds with known mode of action. CHD treatment led to enhanced passive
nuclear import of reporter cargo having the most pronounced effect on the large 70
kDa dextran whilst only exhibiting a mild effect on the smaller 20 and 40 kDa
dextrans. The opposite was observed for poly-GR and -PR which had the largest
influence on nuclear entry of the 20 kDa dextran and only a minor effect on 70 kDa
dextran influx. In accordance with our findings, in another study CHD treatment
caused rapid influx of fluorescent maltose binding protein (40 kDa) in semi-
permeabilised HeLa cells whilst this protein showed no visible nuclear influx in
untreated cells. The authors of this study also mentioned (but did not show data) that
nuclear entry of proteins already effectively entering the nucleus such as NTF2 or
transportin was not enhanced by CHD (Ribbeck and Gorlich, 2002). We found that
nuclear TDP43 and histone H3 were reduced whilst nuclear intensities of hnRNP
C1/2 were enhanced upon CHD treatment compared to untreated cells. Similarly, in
a different study treatment with the aliphatic alcohol 1,6-hexanediol, which exhibited
similar effects on the permeability barrier of the nuclear pore as CHD (Ribbeck and
Gorlich, 2002), led to a decrease of nuclear TDP43 levels in semi-permeabilised
HeLa cells (Duan et al., 2022). In contrast, poly-GR and -PR treatment overall
caused a decrease in nuclear levels of all three of these proteins (as shown in
section 4.3). CHD likely acts by interrupting weak hydrophobic interactions between
phenylalanine residues in FG domains of FG nucleoporins thereby breaking down
the permeability barrier meshwork (Ribbeck and Gorlich, 2002). This was further
evidenced by CHD treatment leading to the dispersal of Nup116 FG domains
expressed in yeast cells (Patel et al., 2007) and by CHD inhibiting the formation of S.
cerevisiae Nup116 FG and Tetrahymena Mac98A FG particles in vitro (Schmidt and
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Gorlich, 2015). How these effects of CHD on FG nucleoporins led to an
enhancement in nuclear signal of hnRNP C1/2 in my data is unclear. It is unlikely
that this was caused by an increase in translation of hnRNP C1/2 protein as cells
lacked a functional cytoplasm in our assay system. Potentially, the changed
permeability barrier of the nuclear pore impeded nuclear exit of hnRNP C1/2 whilst
some hnRNP C1/2 molecules were diffusing out of the nucleus in untreated cells as
seemed to be the case for TDP43 in section 5.5. HNRNP C1/2 also possesses a
nuclear retention signal (Nakielny and Dreyfuss, 1996) which possibly counteracted
the effects of CHD. Importantly, poly-GR and -PR probably did not exert their effects
on passive nuclear import and export by the same mechanism as CHD, namely by
disrupting FG domain interactions between nucleoporins, as we found that their

impact on these pathways differed to CHD’s impact.

5.7.2 Nuclease treatment has the same effects as poly-GR and -PR

RNAse A treatment caused a reduction in nuclear TDP43 levels indicating that
TDP43'’s interaction with RNA is important for its nuclear localisation. This interaction
via TDP43’s RNA recognition motif has previously been shown for both RNA and
DNA (Kuo et al., 2014; Lukavsky et al., 2013). In agreement with our findings, in a
recent study RNAse A treatment in semi-permeabilised HeLa cells also reduced
nuclear TDP43. The authors further confirmed that this was probably due to TDP43
losing its RNA binding partners as addition of GU-rich RNA oligomers which would
compete with endogenous nuclear RNA also reduced the nuclear signal of TDP43.
This nuclear retention of TDP43 by RNA was transcription dependent as inhibition of
RNA polymerase Il led to a decreased nuclear/cytoplasmic TDP43 ratio (Duan et al.,
2022). Treatment with the broader transcription suppressor and DNA intercalator
actinomycin D also resulted in enhanced cytoplasmic TDP43 in HelLa cells (Ayala et
al., 2008; Ederle et al., 2018) indicating that broader transcription and not only
polymerase || mediated transcription contributes to TDP43’s nuclear localisation.
Additionally, we found RNAse A treatment to reduce nuclear levels of another RNA
binding protein hnRNP C1/2 indicating that RNA binding also contributes to hnRNP
C1/2’s nuclear localisation. This effect is probably not transcription dependent as
RNA polymerase Il inhibition can enhance nuclear hnRNP C1/2 levels (Duan et al.,

2022). HNRNP C1/2 nuclear levels were also increased upon DNAse | treatment in
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our experiments possibly due to the observed redistribution of hnRNP C1/2 to more
concentrated clusters. These clusters might be nuclear stress bodies although these
have not been described in response to DNA damage (Campos-Melo et al., 2021)
and the cytoplasmic stress granule response to DNA damage was shown to be very
slow (Kedersha et al., 2002; Moutaoufik et al., 2014). As a general observation,
however, nuclear hnRNP C1/2 levels seem to be increased upon cellular stress as
we found after CHD and DNAse | treatment, and it also occurs after polymerase |l
inhibition (Duan et al., 2022).

In the case of the DNA binding protein histone H3, DNAse | treatment resulted in the
reduction of its nuclear localisation in our experiments suggesting that DNA binding
tethers histone H3 to the nucleus. Surprisingly, RNAse A treatment also reduced
nuclear levels of histone H3. A possible link between histone H3 and RNA molecules
exists as histone H3’s interaction with several RNA binding proteins has been
demonstrated (Huang et al., 2019; Kim et al., 2018). Overall, the effects on
localisation of nuclear proteins by RNAse/DNAse and poly-GR/-PR treatment were
the same indicating that poly-GR and -PR may disrupt the interaction of certain RNA
or DNA binding proteins with their nucleic acid binding partners resulting in the loss
of these proteins from the nucleus.

5.7.3 Poly-GR and -PR change localisation of FG nucleoporins

We found that arginine containing C9ORF72 DPRs affected the localisation of
various nucleocytoplasmic transport factors. With regards to FG nucleoporins (as
summarised in Table 5.1), poly-GR and -PR reduced nucleoplasmic levels of NUP54
and poly-PR treatment resulted in a decrease of both nucleoplasmic and nuclear
membrane NUP98 and POM121 as well as of RANBP2 nuclear membrane levels.
NUP153 localisation was not affected by DPR treatment. Partially in line with our
results, NUP98 and POM121 levels were reduced in nuclei of 32-day-old C9ORF72
iPSC-derived spinal neurons and in nuclei extracted from COORF72 patient motor
cortex compared to healthy controls, and NUP153 was not changed in these models.
However, NUP54 and RANBP2 levels were not changed in COORF72 iPSC-derived
neuron nuclei (Coyne et al., 2020). Furthermore, overexpression of GAso-, GRso, Or
PRso-GFP constructs did not result in loss of POM121 in nuclei of 20-25-day-old

iPSC-derived neurons but expression of G4C2 repeat RNA in the same cells did
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(Coyne et al., 2020) suggesting that POM121 loss from the nuclear pore was caused
by repeat RNA rather than by DPRs, contrary to what we observed. However, DPRs
were tested in younger neurons than the investigated C9ORF72 neurons which
could potentially still show an effect at a later stage.

Localisation of NUP153 was normal upon DPR treatment in our experiments. In a
different study knockdown of NUP153 led to an enhancement of passive import of
reporter cargo in semi-permeabilised HelLa cells (Lowe et al., 2015). However,
changed NUP153 localisation did not contribute to the enhanced passive
nucleocytoplasmic transport we observed in the presence of poly-GR and -PR.

In addition to nuclear membrane loss, we also detected nucleoplasmic loss of
NUP98, POM121 and NUP54 upon poly-GR and -PR treatment. This might still have
effects on nuclear pore levels as these nucleoporins could be recruited from the
nucleoplasm to the pore. This recruitment has been shown for NUP98 in HEK cells
(Griffis et al., 2002). In addition, nucleoporins might have functions besides
nucleocytoplasmic transport within the nucleus which could be affected by poly-GR
and -PR. For instance, NUP98 acts as a transcriptional regulator in embryonic stem
cells, neuronal progenitors (Liang et al., 2013) and hematopoietic progenitors
(Franks et al., 2017).

The mislocalisation of FG nucleoporins is potentially mediated by direct interaction of
poly-GR and -PR with these nucleoporins. For example, poly-PR was shown to
directly bind to NUP98 and NUP54 FG polymers in vitro (Shi et al., 2017) and these
proteins were also found within poly-GR and -PR aggregates in HEK cell lysates
(Hayes et al., 2020). Interestingly, it was demonstrated in our group that this
interaction changed the permeability characteristics of FG domains which led to
increased influx of reporter cargo in NUP98 FG particles in vitro (unpublished
results). Therefore, my findings of passive nucleocytoplasmic transport enhancement
by poly-GR and -PR might also be mediated by direct interactions of these DPRs

with FG nucleoporins within the nuclear pore.

5.7.4 Poly-GR and -PR alter nuclear levels of Ran and Ran regulators

We also found nuclear Ran levels to be lowered upon poly-PR treatment in
comparison to no treatment as depicted in Table 5.1. This was also detected in other
C90RF72 ALS/FTD models such as S2 cells expressing 30 C9ORF72 repeats
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(Zhang et al., 2015), HelLa cells expressing 31 C9ORF72 repeats (P. T. Lee et al.,
2020), GFP-GR100 expressing SH-SY5Y cells (J. Lee et al., 2020) and C90ORF72
ALS iPSC-derived neurons (Coyne et al., 2020; J. Lee et al., 2020; Zhang et al.,
2015). Furthermore, expression of a dominant negative version of Ran in a
Drosophila model expressing 58 COORF72 repeats led to an enhancement of the
rough eye phenotype associated with neuronal toxicity (Freibaum et al., 2015) which
might be explained by Ran’s essential role in active nucleocytoplasmic transport.
Furthermore, changed nuclear localisation of Ran might also change its interaction
with nucleoporins. This could alter the restrictiveness of the permeability barrier
potentially contributing to the enhancement of passive nucleocytoplasmic transport
by arginine containing C9ORF72 DPRs.

We also observed a decrease in nucleoplasmic and nuclear membrane levels of Ran
regulator RCC1 upon poly-GR and -PR treatment and poly-PR reduced nuclear
membrane levels of Ran regulator RanBP2 which could further disturb the regulation
of the Ran cycle. A reduced nuclear cytoplasmic ratio of RCC1 was also observed in
C90RF72 induced neurons (Jovici¢ et al., 2015) suggesting that this localisation
might be disease relevant. On the other hand, localisation of dRCC1 (Drosophila
homologue of RCC1) was normal in salivary gland cells of a Drosophila model
expressing GR 64-mers (Solomon et al., 2018) indicating that poly-GR mediated
mislocalisation of RCC1 might be model dependent.

RANGAPL1, another Ran regulator, was not significantly changed upon DPR
treatment in our experiments. In C9ORF72 ALS iIPSC-derived neurons and in
C90RF72 ALS patient motor cortex nuclear aggregation of RANGAP1, which is
normally localised to the cytoplasm or the nuclear membrane (Cha et al., 2015), was
detected (Zhang et al., 2015). In these models RanGAP1 mislocalisation might be
mediated by repetitive COORF72 RNA. Indeed, RanGAP1 and C9ORF72 repeat
RNA were shown to interact in vitro and RanGAP1 localised to RNA foci in
C90ORF72 ALS iPSC-derived neurons (Zhang et al., 2015). In agreement with our
results RanGAPL1 localisation was normal in poly-GR models, namely in Drosophila
expressing 64-mers of GR (Solomon et al., 2018) and in the cortex of 6-month-old
GFP-GR100 mice (Y. J. Zhang et al., 2018). Additionally, a quantitative
histopathology study did not detect differences in RanGAPL1 localisation in C9ORF72
ALS patient motor cortex and spinal cord (Saberi et al., 2018). This suggests that
RanGAP1 mislocalisation might not contribute to COORF72 ALS/FTD pathology at
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least at later stages of disease. Therefore, results regarding components of the Ran
cycle in C9ORF72 ALS/FTD are not unanimous but there is some evidence that Ran
localisation and its regulation is disturbed in the presence of arginine containing
C90RF72 DPRs and in C9ORF72 ALS/FTD in general.

5.7.5 Altered import receptor localisation upon poly-GR and -PR treatment

We found nucleoplasmic levels of importin 1 and nucleoplasmic and nuclear
membrane levels of importin a3 to be decreased upon poly-GR and -PR treatment.
In addition, there was a trend of a reduction of nuclear membrane levels of importin
B1 by poly-PR as summarised in Table 5.1. Hence, enhancement of passive
nucleocytoplasmic transport might be caused by the reduction of nuclear importin
a/B levels by poly-GR and -PR. GR and PR polymers most likely have the ability to
interact with these importins as they were shown to directly bind to importin 1
(Hayes et al., 2020; Hutten et al., 2020) and poly-GR also directly interacted with
importin a3 (Hutten et al., 2020) in vitro. Thus, similarly to mislocalisation of FG
nucleoporins direct interaction of poly-GR and -PR with these importins might tether

the import receptors away from the nuclear pore.

5.7.6 Different impacts on cellular mechanisms between poly-GR and -PR

Overall, PR20 treatment seemed to have a stronger effect on nucleocytoplasmic
transport factor localisation than GR20 treatment. Differing effects of poly-GR and
PR have also been reported elsewhere. For instance, poly-PR was found to bind
importin B more selectively than GR20 (Hayes et al., 2020). PR20 but not GR20
treatment resulted in proteasome inhibition in rat primary neurons (Gupta et al.,
2017). This suggests that poly-PR and -GR have different interaction partners within
the cell. Indeed, the interactome of GR50 and PR50 differed to a substantial degree
not exhibiting a full overlap (Lee et al., 2016). Finally, PR exhibited greater stability
than GR when analysing cell lysates of U20S cells treated with either peptide (Kwon
et al., 2014). Therefore, poly-GR and -PR concentrations might have differed to
some extent in our studies as some GR peptides had already been degraded. This
might be one reason for the greater potency of poly-PR than poly-GR we observed in

our transport factor experiments.
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In summary, even though the influence of poly-PR was greater both poly-GR and -
PR treatment affected the localisation of a subset of FG nucleoporins, members of
the Ran cycle and importins which could all contribute to the changes in passive

nucleocytoplasmic transport dynamics we observed.

5.7.7 Rescuing passive nucleocytoplasmic transport increase

In our attempts to reverse the effects of poly-GR and -PR on passive
nucleocytoplasmic transport dynamics we found that WGA treatment could inhibit the
enhanced export of TDP43 upon treatment with 10 uM poly-GR and -PR (see
section 5.5). WGA binds to N-acetylglucosamine in nucleoporins including the Nup62
complex within the central channel of the nuclear pore (Davis and Blobel, 1986;
Finlay et al., 1987; Hanover et al., 1987) and was shown to inhibit active
nucleocytoplasmic transport (Finlay et al., 1987; Mohr et al., 2009). It also prohibited
passive nuclear translocation but this effect was size-dependent with the import of
larger molecules being more greatly affected than the import of smaller molecules.
The authors investigating WGA's influence on passive translocation speculated that
WGA'’s binding to nucleoporins created additional links between these proteins and
thereby introduced additional mesh structures into the “central channel mesh” (see
also 1.4.2) resulting in a narrower nuclear pore central channel structure. Indeed,
radius estimation calculations concluded lower radii of nuclear pore channels in
WGA treated cells compared to untreated cells (Mohr et al., 2009). However, cargo
properties also seemed to influence the effect of WGA as passive nuclear import of
40 kDa dextran was not inhibited while the import of the smaller GFP (27 kDa) was
impaired by WGA (Hayes et al., 2020). The fact that WGA, which acts at the nuclear
pore, at least partly inhibited export of TDP43 indicates that the reduced nuclear
signal of TDP43 upon poly-GR and -PR treatment was due increased nuclear export
of TDP43 rather than degradation of TDP43 in the nucleus. As the rescue by WGA
was not complete in poly-PR treated cells even at a lower concentration PR might
still be able to bind to and influence nuclear pore structures even in the presence of
WGA. It would be interesting to further investigate whether WGA and poly-GR/PR
compete for binding sites at the nuclear pore and whether these DPRs have the

capacity to displace WGA from the nuclear pore and vice versa.
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Even though we found nuclear importin 31 to be reduced in HelLa cells upon poly-GR
and -PR treatment, addition of importin 31 did not decrease the increased passive
nucleocytoplasmic import rates of 20 kDa dextran and the enhanced export rates of
TDP43 caused by poly-GR and -PR. In a different study the reduction of nuclear
membrane importin B1 by addition of Ran to semi-permeabilised HelLa cells resulted
in passive nuclear influx of reporter cargo which otherwise did not enter the nucleus
as it exceeds the size limit of the nuclear pore’s permeability barrier. In contrast to
our findings, the nuclear influx of reporter cargo was prohibited by the addition of
importin B1 (Kapinos et al., 2017). It is possible that, in contrast to a reduction in
importin B1 levels by Ran, a decrease in nuclear importin 31 levels by poly-GR or -
PR is not responsible for the heightened passive nucleocytoplasmic rates we
observed. Another possibility would be that the 100 nM concentration of importin 8 1
we used (due to limited availability) was not sufficient for a rescue of the increase in
passive translocation caused by arginine containing C9ORF72 DPRs which were
used at concentrations 100 times higher. However, 100 nM was enough to restore
importin 1 in the study mentioned above (Kapinos et al., 2017). It is unclear whether
nuclear importin 1 levels were restored in our experiments as immunostaining
yielded surprising results. Nuclear importin 31 levels were lower in cells treated with
importin 1 than in cells to which importin 1 was not added (see Figure 5.65). A
possible explanation for this unexpected finding would be that there was still excess
importin 31 protein present in the media upon addition of the antibody against
importin 1 and this excess importin 31 titrated the antibody out of the staining
reaction. Another reason for the failed rescue could be that a fully functional form of
importin B1 is needed to reduce passive nucleocytoplasmic transport levels in poly-
GR or -PR treated cells to levels observed in untreated cells while we used a
denatured form. Kapinos and colleagues used a physiologically folded form of
importin B1 (Kapinos et al., 2017) which might also explain the difference with our
results. As nuclear importin 31 levels were again clearly reduced upon poly-GR/PR
treatment in our rescue experiments follow-up experiments using higher importin 31
concentrations and/or native forms of importin 1 seem to be warranted.

Overall, enhanced passive nuclear import and export upon poly-GR and -PR
treatment might be caused by mislocalisation of transport factors. In addition,
increased nuclear export by poly-GR and -PR might also be due to interference of
these DPRs with the interaction of DNA/RNA binding proteins with DNA/RNA.
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6 Confirmation of key results in C9ORF2 iPSC-derived neuronal

model

In this chapter we aimed to confirm our main findings from the previous chapters in
the immortalised human HeLa cell line in the more disease relevant system of
C90RF72 patient iPSC-derived neurons. These main findings were the increase in
passive nucleocytoplasmic transport upon poly-GR and -PR treatment and the
change in localisation of various transport factors by these DPR species. We,
therefore, subjected three control and three COORF72 ALS patient lines to the same
passive transport assay as the HelLa cells. We then measured passive nuclear
translocation of 20 kDa dextran to test if the presence of the C9ORF72 mutation also
led to enhancement of passive nucleocytoplasmic transport. We also treated one
control iPSC line with poly-GR and assessed the effects on nuclear import of 20 kDa
dextran to investigate whether poly-GR increased passive nuclear import in human
neurons. Furthermore, we wanted to test whether the presence of the COORF72
mutation resulted in mislocalisation of transport factors in human neurons. Therefore,
we immunostained the same three control and patient lines for TDP43 and for
transport factors we previously found to be changed upon arginine containing
C90RF72 DPR treatment (see section 5.4) or which are key players in the
nucleocytoplasmic transport system. Thus, in this chapter we intended to further
establish that nucleocytoplasmic transport dynamics were changed in COORF72

ALS/FTD in a very disease relevant system.

6.1 Examining passive nucleocytoplasmic transport in C9ORF72 ALS iPSC-
derived neurons
To analyse whether our findings of enhanced passive nuclear import upon arginine
containing C9ORF72 DPR treatment in HeLa cells were also occurring in a more
disease relevant system we differentiated three control and three COORF72 ALS
iIPSC lines into cortical neurons. After 14 days of terminal differentiation, we
subjected the cells to our optimised transport assay and observed the nuclear influx
of FITC labelled 20 kDa dextran via live confocal microscopy. As our cell populations
were not purely neuronal fields of view containing neurons were selected using the

brightfield channel.
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Figure 6.1: Effect of COORF72 mutation on passive nuclear import of 20 kDa dextran. Spinning disk
confocal microscope images of semi-permeabilised control or COORF72 ALS iPSC-derived neurons as indicated
after 4-minute incubation with 20 kDa dextran. Left panel: Bright field channel. Middle panel: DAPI channel. Right
panel: FITC 20 kDa dextran channel. Scale bar: 20 um.
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Figure 6.2: C9ORF72 mutation enhances passive nuclear translocation of 20 kDa dextran. Quantification of
passive nuclear import of 20 kDa dextran (shown as nuclear fluorescence normalised to nuclear and general
background) over time in semi-permeabilised control or COORF72 ALS iPSC-derived neurons. Controls depicted
in red, COORF72 lines in blue. N = 3 control and 3 COORF72 ALS lines with 1 control line differentiated once and
all other lines differentiated twice. Means of individual cell line means are plotted. Error bars: SEM. **** p <
0.0001 vs control with two-way repeated measures ANOVA.

As depicted in Figure 6.1 and Figure 6.2, 20 kDa dextran could enter control neurons
at low levels. Levels of passive nuclear import of 20 kDa dextran were higher in
C90RF72 ALS cells compared to control lines. These levels were comparable to
levels observed in untreated HelLa cells (see sections 3.5 and 4.1) suggesting that
nucleocytoplasmic transport occurred at higher levels in untreated HelLa cells
compared to untreated control iPSC-derived neurons. The amount of passive
nuclear import was variable between cell lines (see Figure 6.1) but was on average
greater in C9ORF72 ALS compared to control neurons (p = 5.58x101°, repeated
measures ANOVA; see Figure 6.2). This finding is similar to our previous results of
increased passive nucleocytoplasmic import of reporter cargo in poly-GR or -PR
treated Hela cells. The enhancement of passive nucleocytoplasmic transport by
poly-GR and -PR might therefore be disease relevant as we could also detect it in
C90RF72 ALS patient cells.
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Figure 6.3: Influence of poly-GR on passive nuclear import of 20 kDa dextran in iPSC-derived neurons.
Spinning disk confocal microscope images of semi-permeabilised untreated control iPSC-derived neurons and
control iPSC-derived neurons treated with 10 uM poly-GR as indicated for 30 minutes after 4-minute incubation
with 20 kDa dextran. Left panel: Bright field channel. Middle panel: DAPI channel. Right panel: FITC 20 kDa
dextran channel. Scale bar: 20 pm.
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Figure 6.4: Nuclear import of 20 kDa dextran is increased upon poly-GR treatment in iPSC-derived
neurons. Quantification of passive nuclear import of 20 kDa dextran (shown as nuclear fluorescence normalised
to nuclear and general background) over time in semi-permeabilised untreated control iPSC-derived neurons and
control iPSC-derived neurons treated with poly-GR. Untreated condition depicted in red, GR20 treatment in blue.
N = 3 wells per condition and differentiation of 1 control line with 2 rounds of differentiation. Means of individual
experimental (differentiation) means are depicted. Error bars: SEM. **** p < 0.0001 vs untreated cells with two-
way repeated measures ANOVA.
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We also wanted to check whether poly-GR treatment led to enhanced passive
nuclear import of 20 kDa dextran in human neurons equally to HeLa cells. We
therefore performed the transport assay on neurons derived from an iPSC control
line (control line #1 from above) and treated these cells with 10 uM GR20 for 30
minutes. Subsequently, the passive nuclear translocation of FITC labelled 20 kDa
dextran was followed live using confocal microscopy. Again 20 kDa dextran entered
untreated cells at low levels (see Figure 6.3 and Figure 6.4) which were lower than in
untreated HelLa cells (see sections 3.5 and 4.1). GR20 treatment led to a significant
increase in passive nuclear transport of 20 kDa dextran in the control line compared
to untreated cells of the same line with a p value of 4.79x10-° (repeated measures
ANOVA) as shown in Figure 6.3 and Figure 6.4. Import levels of 20 kDa dextran
upon poly-GR treatment were higher in HeLa cells than in iPSC-derived neurons
(compare Figure 4.2) but the extent of the increase compared to non-treatment was
greater in the iPSC line compared to Hela cells (12-fold increase vs 4-fold increase
of maximum import levels). In summary, poly-GR treatment also led to a rise in
passive nuclear import in iPSC-derived neurons compared to untreated neurons.
This shows that our previous finding was not specific to HeLa cells. Therefore, poly-
GR might also lead to enhanced passive nucleocytoplasmic transport in COORF72
ALS/FTD patients.

6.2 Localisation of nucleocytoplasmic transport factors and TDP43 in C9ORF72
ALS iPSC-derived neurons
In section 5.4 we found that poly-GR and -PR treatment led to a reduction in nuclear
levels of the nucleoporins NUP98 and POM121, of RAN and of the transport
receptors importin 1 and importin a3. As these might contribute to the increase of
passive nucleocytoplasmic transport levels caused by poly-GR and -PR we
investigated whether these were also decreased in COORF72 ALS iPSC-derived
neurons. Furthermore, we determined whether there was a difference in the
localisation of TDP43 between control and CO9ORF72 neurons to check if TDP43
also mislocalised in this system. To this end, we differentiated three control and two
CI90ORF72 ALS iPSC cell lines into cortical neurons (the third ALS line could not be
successfully differentiated) and fixed the neurons at day 14 of terminal differentiation.

Subsequently, we immunostained the cells against the proteins mentioned above. Of
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note, for this analysis cells were not semi-permeabilised with digitonin, hence the
entire cell not just the nucleus was investigated. As cell populations were not purely
neuronal, neurons were defined with the neuronal marker MAP2 (see 2.8.4) and only

this population was used in the image analysis.

TDP43

As shown in Figure 6.5 TDP43 predominantly localised to the nucleus in control
lines. As depicted in Figure 6.5 and Figure 6.6A there was a trend (defined as p
value of maximum of 0.25) of decreased nuclear TDP43 levels in COORF72 neurons
compared to control neurons with two of the three control lines showing higher
nuclear TDP43 levels than COORF72 lines. However, cytoplasmic TDP43 levels and
nuclear cytoplasmic ratios of TDP43 did not differ between C9ORF72 and control
cells (see Figure 6.6B and C).

Nucleoporins

As depicted in Figure 6.7 NUP98 localised to the nucleoplasm and to the nuclear
membrane/pore in control neurons. It also showed staining in the cytoplasm to a
lower extent than in the nucleus and surprisingly quite strong staining within the
neurites. To separate nuclear localisation of transport factors between the
nucleoplasm and the nuclear pore we detected nucleoplasmic and nuclear
membrane levels separately. Nucleoplasmic localisation of NUP98 was similar
between control and C9ORF72 cell lines as shown in Figure 6.7 and Figure 6.8A.
However, there was a clear trend of decreased nuclear membrane levels and thus
levels at the nuclear pore of NUP98 in COORF72 neurons compared to all three
control neuron lines (see Figure 6.8B). A reduction in NUP98 nuclear membrane
levels was also observed upon poly-PR treatment in HeLa cells compared to
untreated cells (see Figure 5.36B) and in contrast to C9ORF72 iPSC-derived
neurons poly-PR treated semi-permeabilised HelLa cells also exhibited lowered
nuclear NUP98 levels (see Figure 5.36A). Cytoplasmic NUP98 levels were also
trending towards a decrease in COORF72 cells compared to control cells as

illustrated in Figure 6.8C.
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Figure 6.5: Effects of COORF72 mutation on TDP43 localisation. Opera Phenix images of
immunofluorescence staining of endogenous TDP43 in control or C9ORF72 ALS cells as indicated. Left panel:
DAPI. Middle panel: TDP43. Right panel: MAP2. Scale bar: 25 pm.
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Figure 6.6: Nuclear TDP43 levels trend to decrease in COORF72 iPSC lines. Quantified TDP43 fluorescence
signal normalised to mean of control lines in control or C9ORF72 ALS iPSC-derived neurons as indicated. A)
Nuclear TDP43 levels. B) Cytoplasmic TDP43 levels. C) Nuclear cytoplasmic ratio of TDP43. N = 3 control and 2
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C90RF72 iPSC lines with 1 - 2 differentiations. Means of individual cell line means are shown in bar chart. Error
bars: SEM. Two-sided t-test.
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Figure 6.7: Influence of C9ORF72 mutation on NUP98 localisation. Opera Phenix images of
immunofluorescence staining of endogenous NUP98 in control or COORF72 ALS cells as indicated. Left panel:
DAPI. Middle panel: NUP98. Right panel: MAP2. Scale bar: 25 um.
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Figure 6.8: Nuclear membrane and cytoplasmic NUP98 levels exhibit trend to reduction in COORF72 iPSC
lines. Quantified NUP98 fluorescence signal normalised to mean of control lines in control or COORF72 ALS
iPSC-derived neurons as indicated. A) Nucleoplasmic NUP98 levels. B) Nuclear membrane NUP98 levels. C)
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Cytoplasmic NUP98 levels. N = 3 control and 2 COORF72 iPSC lines with 1 - 2 differentiations. Means of
individual cell line means are plotted in bar chart. Error bars: SEM. Two-sided t-test.
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Figure 6.9: Impact of COORF72 mutation on POM121 levels. Opera Phenix images of immunofluorescence
staining of endogenous POM121 in control or COORF72 ALS cells as indicated. Left panel: DAPI. Middle panel:
POM121. Right panel: MAP2. Scale bar: 25 pm.
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Figure 6.10: POM121 signal is not changed between control and C9ORF72 iPSC lines. Quantified POM121
fluorescence signal normalised to mean of control lines in control or COORF72 ALS iPSC-derived neurons as
indicated. A) Nucleoplasmic POM121 levels. B) Nuclear membrane POM121 levels. C) Cytoplasmic POM121
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levels. N = 3 control and 2 C90RF72 iPSC lines with 1 - 2 differentiations. Means of individual cell line means are
depicted in bar chart. Error bars: SEM. Two-sided t-test.
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Figure 6.11: Effects of COORF72 mutation on mAb414 staining. Opera Phenix images of
immunofluorescence mAb414 staining in control or COORF72 ALS cells as indicated. Left panel: DAPI. Middle
panel: mAb414. Right panel: MAP2. Scale bar: 25 pm.
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Figure 6.12: Trend of lower nuclear membrane and cytoplasmic mAb414 staining in C9ORF72 iPSC lines.
Quantified mAb414 fluorescence signal normalised to mean of control lines in control or C9ORF72 ALS iPSC-
derived neurons as indicated. A) Nuclear membrane NUP98 levels. B) Cytoplasmic NUP98 levels. N = 3 control
and 2 COORF72 iPSC lines with 1 - 2 differentiations. Means of individual cell line means are plotted in bar chart.
Error bars: SEM. Two-sided t-test.

As depicted in Figure 6.9 POM121 localised to the nuclear membrane and the
cytoplasm in control line #1 while it showed additional staining in the nucleoplasm in
control lines #2 and #3. Nucleoplasmic POM121 levels were not significantly altered
between control and C9ORF72 iPSC-derived neurons with only one COORF72 cell
line exhibiting lower nucleoplasmic POM121 levels compared to control lines as
shown in Figure 6.9 and Figure 6.10A. Nuclear membrane POM121 levels were also
similar between control and C9ORF72 cells again with lower levels in the same
C90RF72 line compared to all other lines used (see Figure 6.10B). Similarly, no
difference in cytoplasmic POM121 localisation was detected when comparing control
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and C90ORF72 neurons (see Figure 6.10C). In contrast, nucleoplasmic and nuclear
membrane POM121 levels were decreased in PR20 treated semi-permeabilised

HeLa cells compared to control cells (see Figure 5.38).

The general FG nucleoporin antibody mAb414 stained the nuclear membrane and
the cytoplasm in control neurons as shown in Figure 6.11. Nuclear membrane
staining using the mAb414 antibody showed a trend towards decline in COORF72
lines compared to control lines as detailed in Figure 6.11 and Figure 6.12A. In
addition, cytoplasmic mAb414 levels trended towards a decrease in COORF72 cells
in comparison to control cells (see Figure 6.12B). However, in HelLa cells no change
in mAb414 staining was observed in poly-GR or -PR treated cells compared to

untreated cells (see Figure 5.46).

Ran

Ran provides the energy required for active nucleocytoplasmic transport and
regulates the direction of active nucleocytoplasmic transport by establishing a
RanGTP gradient between the nucleus and the cytoplasm (Stewart, 2007). Due to its
interaction with the nuclear pore it might also influence passive nucleocytoplasmic
transport. As shown in Figure 6.13 Ran localised to the nucleus, nuclear membrane
and cytoplasm at relatively equal levels and also to neurites at lower levels than in
the other compartments in control lines. As depicted in Figure 6.13 and Figure 6.14A
and B nucleoplasmic and nuclear membrane levels of Ran did not significantly differ
between control and C9ORF72 neurons. Furthermore, cytoplasmic Ran localisation
(see Figure 6.14C) and the nuclear cytoplasmic ratio of RAN levels (see Figure
6.14D) were similar in C9ORF72 and control neurons. In contrast, in semi-
permeabilised HelLa cells poly-PR treatment did lead to a significant reduction of

nuclear RAN levels compared to untreated cells (see Figure 5.48).
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Figure 6.13: Influence of C9ORF72 mutation on RAN levels. Opera Phenix images of immunofluorescence
staining of endogenous RAN in control or COORF72 ALS cells as indicated. Left panel: DAPI. Middle panel: RAN.
Right panel: MAP2. Scale bar: 25 pm.
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Figure 6.14: Ran levels do not differ between control and COORF72 iPSC-derived neurons. Quantified RAN
fluorescence signal normalised to mean of control lines in control or COORF72 ALS iPSC-derived neurons as
indicated. A) Nucleoplasmic RAN levels. B) Nuclear membrane RAN levels. C) Cytoplasmic Ran levels. D)
Nuclear cytoplasmic Ran ratio. N = 3 control and 2 COORF72 iPSC lines with 1 - 2 differentiations. Means of
individual cell line means are depicted in bar chart. Error bars: SEM. Two-sided t-test.

Import receptors

Importin B1 showed localisation to the nucleoplasm, nuclear membrane and
cytoplasm in control iPSC lines as depicted in Figure 6.15. Nucleoplasmic importin
B1 levels showed a trend towards reduction in COORF72 cell lines compared to
control lines with two control lines exhibiting higher nucleoplasmic importin B1 levels
than all COORF72 lines as depicted in Figure 6.15 and Figure 6.16A. Nuclear
membrane importin B1 levels were trending even more clearly towards a decrease in
C90RF72 neurons compared to control neurons with all control lines showing
increased nuclear membrane importin B1 levels compared to C9ORF72 lines (see
Figure 6.16B). Cytoplasmic importin B1 levels were also lower in CO9ORF72 cells
compared to control cells (see Figure 6.16C). In line with these results, poly-PR
treated Hela cells presented with significantly lowered nuclear importin B1 levels

compared to untreated cells (see Figure 5.54).

As shown in Figure 6.17 importin a3 was detected in the nucleoplasm and at the
nuclear membrane and, at lower levels than in the nucleus, in the cytoplasm.
Similarly to importin 1, nucleoplasmic levels of transport receptor importin a3 were
trending towards a decrease in COORF72 neurons compared to control neurons as
shown in Figure 6.17 and Figure 6.18A. Nuclear membrane and cytoplasmic importin

a3 levels were not changed, however, between control and COORF72 cells (see
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Figure 6.18B and C). In contrast, both nuclear and nuclear membrane importin a3

levels were decreased in poly-GR and -PR treated Hela cells (see Figure 5.58).

Importin 1

C9orf72 line #1 Control line #3 Control line #2 Control line #1

C9orf72 line #2

Figure 6.15: Influence of CO9ORF72 mutation on importin 1 localisation. Opera Phenix images of
immunofluorescence staining of endogenous importin 1 in control or COORF72 ALS cells as indicated. Left
panel: DAPI. Middle panel: importin B1. Right panel: MAP2. Scale bar: 25 um.
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Figure 6.16: Importin B1 levels show trend to decrease in C9ORF72 iPSC lines. Quantified importin 31
fluorescence signal normalised to mean of control lines in control or COORF72 ALS iPSC-derived neurons as
indicated. A) Nucleoplasmic importin 31 levels. B) Nuclear membrane importin 1 levels. C) Cytoplasmic importin
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B1 levels. N = 3 control and 2 C9ORF72 iPSC lines with 1 - 2 differentiations. Means of individual cell line means
are shown in bar chart. Error bars: SEM. Two-sided t-test.

Importin a3

C9orf72 line #1 Control line #3 Control line #2 Control line #1

C9orf72 line #2

Figure 6.17: Effects of COORF72 mutation on importin a3 localisation. Opera Phenix images of
immunofluorescence staining of endogenous importin a3 in control or COORF72 cells as indicated. Left panel:
DAPI. Middle panel: Importin a3. Right panel: MAP2. Scale bar: 25 pm.
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Figure 6.18: Nucleoplasmic importin a3 signal displays trend towards reduction in COORF72 iPSC lines.
Quantified importin a3 fluorescence signal normalised to mean of control lines in control or COORF72 ALS iPSC-
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Cytoplasmic importin a3 levels. N = 3 control and 2 C9ORF72 iPSC lines with 1 - 2 differentiations. Means of
individual cell line means are plotted in bar chart. Error bars: SEM. Two-sided t-test.

In summary (as shown in Table 6.1), most tested nucleocytoplasmic transport factors
showed a trend towards reduced nuclear localisation in C9ORF72 neurons
compared to control neurons. This was observed for nucleoporin NUP98, FG
nucleoporin recognising antibody mAb414, for transport receptors importin 31 and
importin a3 and for TDP43. On the other hand, POM121 and Ran levels were not
changed between control and C9ORF72 neurons. Overall, COORF72 mutation did
seem to influence the localisation of different nucleoporins and import receptors in
iIPSC-derived neurons although this did not reach a 95 % confidence level normally

defined as an appropriate cut off in statistics.

Change Change nuclear
Transport factor
nucleoplasm membrane
iPSC iPSC
HelLa HelLa
neurons neurons
Nucleoporins
no
NUP98 ¥ PR ¥ PR ¥
change
no no
POM121 V¥ PR ¥ PR
change change
no
MAB414 -- -- ¥
change
Ran regulating
factors
no no no
RAN V¥ PR
change | change | change
Import receptors
no
Impp1 YGR,PR| ¥ 4
change
no
Impa3 Y¥GR,PR| ¢ W¥GR,PR
change

Table 6.1: Summary of changes in nucleocytoplasmic factor localisation in the presence of COORF72 mutation in
iPSC-derived neurons. Comparison with results in poly-GR and -PR treated semi-permeabilised HelLa cells.
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6.3 Discussion

6.3.1 Caveats of C9ORF72 iPSCs

We used C9ORF72 iPSC-derived cortical neurons to test whether our main findings
from the experiments with HeLa cells also occurred in a more disease relevant
model. However, there is some debate around the suitability of the COORF72 iPSC
model as an accurate model of COORF72 ALS/FTD. One issue is that COORF72
repeat RNA foci were usually detected in these cells (Hawrot et al., 2020) while there
was more variability around DPR detection. In most cases only GP was measured
(probably for technical reasons) in C9ORF72 iPSC-derived neurons (Almeida et al.,
2013; Coyne et al., 2020; Donnelly et al., 2013; Simone et al., 2018) or no C9ORF72
DPRs could be detected when using an antibody recognising poly-GP, -GA and -GR
(Sareen et al., 2013). When other DPR species such as poly-GR were found levels
of these peptide were only slightly higher than in controls (Dafinca et al., 2016;
Lopez-Gonzalez et al., 2016). The COORF72 ALS iPSC lines #2 and #3 used in this
project showed expression of poly-GA, -GP and -GR although GR levels were rather
low (Selvaraj et al., 2018). Poly-GP expression was detected in COORF72 ALS iPSC

line #1 (unpublished results).

6.3.2 Potential bias due to different iPSC generation methods used for different cell lines
The iPSC lines used in this project were not all generated using the same
methodology. As shown in Table 2.1 C9ORF72 lines were reprogrammed using
retrovirus while one control line was reprogrammed using lentivirus and the
remaining two control lines using Sendai virus. Retro- and lentiviruses integrate their
genome into the host genome which might lead to mutations while Sendai virus does
not integrate into the host genome. As COORF72 lines were all reprogrammed via
retrovirus it cannot be excluded that effects observed in this study with these cell
lines were caused by additional mutations acquired in the reprogramming process.
This would likely not have occurred in control lines reprogrammed by Sendai virus
but mutations might also have been introduced in the control line reprogrammed by
lentivirus. Thus, the reprogramming bias should be reduced to some extent.
Additionally, different cell types were used to create the different iPSC lines. As
indicated in Table 2.1 all COORF72 lines were generated from fibroblasts which only

divide infrequently. Two control lines were created from keratinocytes and the
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remaining control line from lymphoblasts. Keratinocytes and particularly
lymphoblasts proliferate at higher rates than fibroblasts which increases the risk of
acquiring mutations. These potentially developed mutations in the control lines might
also influence nucleocytoplasmic transport or differentiation behaviour and thus
results observed might have been caused by unknown mutations. However, as
mutations might have been introduced in both control lines and CO9ORF72 lines by
different means the overall bias should be balanced out. Reprogrammed stem cells
should show the same characteristics, for instance epigenetic stem cell signature,
independent of the cell type they have been generated from. However, it cannot be
completely ruled out that the original cell type has an influence on cellular
mechanisms such as nucleocytoplasmic transport on the iPSCs and differentiated

cells generated from it.

6.3.3 Passive nucleocytoplasmic transport in C9ORF 72 iPSC-derived neurons

We found that passive nuclear import of a reporter cargo was significantly increased
in C9ORF72 iPSC lines compared to control lines (see section 6.1) which to our
knowledge has not been shown previously and emphasises the disease relevance
our findings in poly-GR and -PR treated Hela cells (see section 4.1). While we
cannot determine whether these DPR species were responsible for our results in
C90RF72 iPSC-derived neurons, poly-GR treatment of a control iPSC line led to
increased nuclear translocation of 20 kDa dextran compared to untreated controls
(see section 6.1) indicating that poly-GR also influences passive nucleocytoplasmic

transport in this cell type.

6.3.4 TDP43 and transport factor localisation in C9ORF72 iPSC-derived neurons

As we found nucleocytoplasmic transport defects in COORF72 iPSC-derived neurons
we wanted to investigate whether these were accompanied by mislocalisation of
TDP43 and transport factors (results summarised in Table 6.1). With regards to
cytoplasmic TDP43 mislocalisation we found a trend of lower nuclear TDP43 levels
but no change in cytoplasmic levels or in the nuclear cytoplasmic ratio (see Figure
6.6). This major pathological characteristic of COORF72 ALS/FTD (Mackenzie and
Neumann, 2016) was neither detected in some other COORF72 iPSC-derived
neuron studies (Almeida et al., 2013; Coyne et al., 2020; Donnelly et al., 2013).
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However, some studies showed reduced nuclear to cytoplasmic ratios of TDP43 in
C90RF72 ALS iPSC-derived neurons compared to controls (Zhang et al., 2015) or
enhanced insoluble TDP43 levels in CO9ORF72 ALS iPSC-derived motor neurons
compared to control lines (Seminary et al., 2020).

The nucleoporin NUP98 was trending towards a reduction at nuclear membrane and
cytoplasmic levels in COORF72 lines compared to control lines (see Figure 6.8) as
was the case for the more general FG nucleoporin marker mAb414 (see Figure
6.12). Levels of the nucleoporin POM121 did not differ between COORF72 and
control cells (see Figure 6.10). In a different study NUP98 and POM121 levels were
reduced while mAb414 staining was not changed in isolated nuclei of COORF72 ALS
iPSC-derived motor neurons (Coyne et al., 2020). This discrepancy in results might
be explained by the fact that our neurons were only kept in culture for 14 days due to
project time constraints while the neurons of the Coyne study were 32-days old. The
authors did not detect any differences in nucleoporin levels in 18-day old neurons
either. A caveat of studying age related diseases such as neurodegeneration in
iPSC-derived cells is that the reprogramming of somatic cells into stem cells
rejuvenates them, for instance at the epigenetic or cellular functionality level
(Mertens et al., 2018). Culturing cells for longer time periods might counteract this
phenomenon to some extent (Chen et al., 2020) and it is possible that we might have
found a significant effect in older neurons.

We did not identify a change in Ran levels between C9ORF72 iPSC-derived cortical
neurons and control neurons (see Figure 6.14). Other investigations observed
reduced nuclear cytoplasmic ratios of Ran in C9ORF72 ALS iPSC-derived motor
neurons compared to control cells seemingly due to increased cytoplasmic
localisation of RAN (Coyne et al., 2020; J. Lee et al., 2020; Zhang et al., 2015).
Again, these neurons were older than ours and had been differentiated into motor
neurons while ours were cortical neurons. In C9ORF72 patient tissue reduced Ran
levels have only been detected in spinal motor neurons so far (Vatsavayai et al.,
2018; Xiao et al., 2015).

Looking at transport receptors, we found nucleoplasmic, nuclear membrane and
cytoplasmic importin B1 (see Figure 6.16) and nucleoplasmic importin a3 (see Figure
6.18) levels trending towards reduction in COORF72 iPSC-derived neurons
compared to control neurons. A loss of importin 31 staining was detected in
C90RF72 ALS spinal cord tissue (Xiao et al., 2015) but this could not be confirmed
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in a quantitative histopathology study (Saberi et al., 2018). As previously mentioned,
importin a3 was shown to be lost from the nucleus and to concentrate in the
cytoplasm of C9ORF72 ALS/FTD frontal cortex (Solomon et al., 2018).

As at least a trend in nucleocytoplasmic factor mislocalisation was detected in both
C90RF72 iPSC-derived neurons and in poly-GR/PR treated HeLa cells (see Table
6.1) it might be causative for enhanced passive nucleocytoplasmic transport in
C90RF72 ALS/FTD.

6.3.5 Differentiation issues

As our cortical neuron differentiation yielded a mixed cellular population one might
be concerned that our findings might stem from a difference in differentiation
behaviour between control and C9ORF72 iPSC lines. However, mixed populations
were detected in all cell lines used. For example, as depicted in Figure 6.19 levels of
the neuroprogenitor marker SOX2 were not significantly different between
differentiated C9ORF72 and control cell populations. Nuclear SOX2 levels varied

between cell lines but this variation was not dependent on genotype.
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Figure 6.19: Nuclear SOX2 levels are not changed between control and COORF72 iPSC lines. Quantified
nuclear SOX2 fluorescence signal normalised to mean of control lines in control or COORF72 ALS cells as
indicated. N = 3 control and 2 C90RF72 iPSC lines with 1 - 2 differentiations. Means of individual cell line means
are shown in bar chart. Error bars: SEM. Two-sided t-test.
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Overall, even though we used quite young neurons in our experiments we could
observe a significant difference in passive nucleocytoplasmic transport dynamics
between C9ORF72 and control cells. We could also detect trends of changed
localisation of nucleoporins and importins between control and COORF72 iPSC lines.
These results in iPSC-derived neurons corroborate the disease relevance of our
findings regarding affected passive nucleocytoplasmic transport in the context of
C90RF72 ALS/FTD.
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7 Discussion

7.1 Summary of thesis results

In this thesis, | specifically studied the effects of COORF72 dipeptide repeat proteins
on passive nucleocytoplasmic transport and on the permeability barrier of the
nuclear pore. The main findings are summarised in Figure 7.1. | found that the
arginine containing DPRs enhanced passive nuclear import of reporter cargo in
HelLa cells. Poly-GR treatment allowed for the passive nuclear entry of cargo above
the passive diffusion size limit suggesting that the permeability barrier became less
exclusive. Increased passive nuclear import of small reporter cargo was also
detected in COORF72 ALS patient iPSC-derived neurons and in control iPSC-
derived neurons treated with poly-GR. This confirms that the effects of arginine
containing DPRs on passive nucleocytoplasmic transport also occur in human
neurons. In addition, the passive diffusion enhancement is not only caused by
treatment with exogenous DPR peptides but also by the presence of the COORF72
repat expansion in patient neurons. Furthermore, treatment with poly-GR and -PR
resulted in increased passive nuclear export of TDP43 and other nuclear proteins
leading to a significant reduction of their nuclear levels in HelLa cells.

Poly-GR and -PR treatment also led to a reduction in nuclear and nuclear membrane
localisation of import receptors (including importin $1), FG nucleoporins and
regulators of the Ran cycle in HelLa cells which might lead to the observed passive
translocation dysfunction. C9ORF72 ALS patient iPSC-derived neurons showed a
trend towards decreased nuclear/nuclear membrane levels of these transport
factors. The increased nuclear export of TDP43 might also be caused in part by
interference of its binding to RNA by poly-GR and -PR as treatment with RNAse A
led to decreased nuclear TDP43 levels.

Enhancement of nuclear TDP43 export by poly-GR or -PR could be partially
prohibited by treatment with the FG nucleoporin interactor WGA. This corroborates
that reduced nuclear TDP43 levels upon poly-GR and -PR treatment were caused by
increased translocation of TDP43 from the nucleus to the cytoplasm and not by
increased degeneration of TDP43. It also suggests that poly-GR and -PR interaction
with the nuclear pore contributed to these effects. Furthermore, | tested whether
importin 1 treatment could inhibit the influence of poly-GR on passive

nucleocytoplasmic transport as this was previously shown to reduce passive

229



diffusion (Kapinos et al., 2017; Lowe et al., 2015). However, in our experimental
system addition of importin 31 did not change passive nuclear import of reporter
cargo or nuclear export of TDP43 in poly-GR/PR treated cells. Thus, | established in
this PhD project that passive nucleocytoplasmic transport is affected in COORF72
ALS/FTD and shed light on possible mechanisms causing this passive

nucleocytoplasmic transport deregulation.
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Figure 7.1: Summary of main thesis results. Passive nuclear import and export are increased in COORF72
ALS/FTD models. This might be caused by mislocalisation of nucleocytoplasmic transport factors and reduced
RNA binding of nuclear RNA binding proteins (such as TDP43) in the presence of arginine containing DPRs.
Created with BioRender.com.

7.2 Effects of poly-GR and -PR on active versus passive nucleocytoplasmic

transport

As discussed in section 1.4.2 macromolecules of a size < 40 kDa can passively
diffuse through the nuclear pore while this diffusion is restricted for larger molecules
by the permeability barrier formed by FG nucleoporins (Mohr et al., 2009; Timney et
al., 2016). According to the selective phase model the permeability barrier is created
by a 3D meshwork hydrogel of FG nucleoporins which can only be traversed by
small cargo (Ribbeck and Gorlich, 2001). Larger molecules therefore have to be
actively transported through the nuclear pore. As described in section 1.4.3 active
nucleocytoplasmic transport is mediated by transport receptors such as importins,

exportins or transportins binding their cargo via a nuclear localisation signal (NLS) or
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a nuclear export signal (NES) (Wing et al., 2022). Transport receptor interaction with
FG nucleoporins locally interrupt FG-FG connections thereby allowing passage of
larger cargo (Schmidt and Garlich, 2016). Direction of nucleocytoplasmic transport is
regulated via the Ran gradient. A higher concentration of RanGTP in the nucleus
than in the cytoplasm promotes cargo binding of exportins and cargo release from
importins (Stewart, 2007).

Arginine containing C90RF72 DPRs have opposite effects on active and passive
nucleocytoplasmic transport. A number of studies have shown poly-GR and -PR to
inhibit active nucleocytoplasmic transport including importin a/f, importin 1 and
transportin mediated transport (Hayes et al., 2020; Hutten et al., 2020; Shi et al.,
2017; K. Zhang et al., 2018). On the other hand, my PhD study together with another
study (Hayes et al., 2020) have found passive nucleocytoplasmic transport to be
enhanced by poly-GR and -PR. Mechanisms resulting in these opposing effects are
discussed in this section.

7.2.1 Interaction of poly-GR and -PR with transport receptors

Poly-GR and/or -PR have been shown to directly bind to importin 31, importins a1
and a3 and transportin 1 in vitro (Hayes et al., 2020; Hutten et al., 2020). It is
proposed that this interaction interferes with the binding of import receptors to their
cargo, as has been shown for importin 31 (Hayes et al., 2020), and thereby leads to
an impairment of active nucleocytoplasmic transport. Furthermore, this interaction
might also hinder binding of import receptors to nucleoporins. | have shown in this
thesis that nuclear and nuclear membrane levels of importin 31, importin a1 and a3
are reduced in HeLa cells upon poly-GR and -PR treatment. This reduction might be
mediated by direct binding of poly-GR and -PR to these importins. It would be
interesting to conduct double immunofluorescence studies for arginine containing
DPRs and importins to detect potential co-localisation. COORF72 ALS iPSC-derived
neurons also exhibited a trend towards a decrease of nuclear and nuclear
membrane levels of importin 1 and nuclear levels of importin a3. Reduced importin
B1 levels are also found in COORF72 ALS patient spinal motor neurons compared to
controls (Xiao et al., 2015). However, in a different study no change in importin (31
localisation is detected between CO9ORF72 ALS patient motor neurons in spinal cord

and motor cortex and control motor neurons (Saberi et al., 2018). Importin 31
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reduction may vary between patients or may be dynamic which might not always be
detectable in end stage tissue. Mislocalisation of importins a1 and a3 is detected in a
Drosophila model expressing poly-GR where these importins aggregate into
cytoplasmic punctae. GR does not localise to these punctae. However, in the cortex
of a poly-GR mouse model importin a1 and a5 are present in GR inclusions (Cook et
al., 2020). In C90RF72 FTD patient frontal cortex importin a3 is reduced in the
nucleus and increased in the cytoplasm with cytoplasmic importin a3 occasionally
colocalising with GR aggregates (Solomon et al., 2018). It is, therefore, possible that
importins are recruited into poly-GR aggregates or that GR-importin interactions
promote their co-aggregation. In summary, poly-GR/-PR interaction with importins
might hinder their interaction with cargo and with the nuclear pore which might lead
to their mislocalisation and active nucleocytoplasmic transport defects. Importin
mislocalisation and reduced interaction with FG nucleoporins might also be the
reason for the observed enhancement of passive nucleocytoplasmic transport upon
poly-GR and -PR treatment. Reduction of importin 31 from the nuclear pore by
RanGTP treatment increases passive diffusion through the nuclear pore in cells
(Kapinos et al., 2017). Importin 31 might thus contribute to the permeability barrier
when bound to FG nucleoporins. In my PhD project however, exogenous importin 31
treatment has not changed passive nucleocytoplasmic transport dynamics in poly-
GR/PR treated cells. It is possible that importin 31 has not been successfully
replenished in my experiments because of the low concentration used (see also
section 5.6) or because arginine containing DPRs have not been sufficiently washed
away and interact with importin B1 inhibiting its binding to the nuclear pore. Further
studies are therefore needed to investigate whether reduced importin 31 interaction
with FG nucleoporins contributes to passive nucleocytoplasmic transport

enhancement by poly-GR and -PR.

7.2.2 Interaction of poly-GR and -PR with nucleoporins

Poly-PR directly binds to the FG domains of Nup54 and Nup98 in vitro (Shi et al.,
2017). Mass spectrometry studies also identify nucleoporins including FG
nucleoporins 54, 98 and 153 as interactors of poly-GR or-PR (Boeynaems et al.,
2017; Hayes et al., 2020; Y. Lin et al., 2016). | have found nuclear pore levels of
NUP98, POM121 and RanBP2 but not NUP54 or NUP153 to be reduced upon poly-
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PR treatment in HelLa cells. NUP98 nuclear pore levels have also shown a trend
towards reduction in C9ORF72 ALS iPSC-derived neurons in my study. Again, it is
unclear whether a direct interaction of poly-PR with these nucleoporins leads to their
removal from the nuclear pore and further co-immunofluorescence studies are
warranted. However, in a poly-GR mouse model NUP98 localises to GR inclusions
(Cook et al., 2020) and staining with a general FG nucleoporin antibody colocalises
with PR inclusion staining in a PR mouse model (Y. J. Zhang et al., 2019).
Furthermore, NUP62 is present in GR aggregates in cells over-expressing GR
(Gleixner et al., 2022). Poly-GR/PR interaction with nucleoporins might therefore
lead to nucleoporin mislocalisation. In the poly-GR mouse model TDP43 is
mislocalised to the cytoplasm (Cook et al., 2020) and TDP43 is also found in the
NUP62-GR inclusions in cells suggesting that these mislocalisations interfere with
nucleocytoplasmic transport (Gleixner et al., 2022). Active nucleocytoplasmic
transport might be impaired by the loss of FG nucleoporin binding partners for
transport receptors. Passive nucleocytoplasmic transport might be enhanced as
mislocalisation of FG nucleoporins could reduce the restrictiveness of the
permeability barrier. For instance, Nup98 has been shown to be essential for the
nuclear pore’s permeability barrier (Hilsmann et al., 2012). Nucleoporin
mislocalisation might also directly contribute to C9ORF72 toxicity as Nup62
overexpression recues a neurodegenerative eye phenotype in a Drosophila model

expressing GGGGCC repeats (Gleixner et al., 2022).

7.2.3 Influence of poly-GR and -PR on liquid-liquid phase separation of transport factors
Liquid-liquid phase separation in cells describes the process of demixing of two liquid
phases. In cells, proteins or RNAs might separate into concentrated liquid droplets
with the surrounding liquid phase (such as the cytoplasm) now devoid of the
separated proteins or RNAs (Alberti and Dormann, 2019). This allows for the
formation of membraneless organelles, for example (Aguzzi and Altmeyer, 2016).
Most proteins undergoing liquid-liquid phase separation contain disordered domains
(Brangwynne et al., 2015; Taylor et al., 2016). Aberrant liquid-liquid phase
separation or liquid to solid phase transition can lead to protein aggregation (Alberti
and Dormann, 2019) which might be cytotoxic. Poly-GR and -PR have been shown

to induce aberrant liquid-liquid phase separation of RNA binding proteins such as
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hnRNP-A1, TIA-1, NPM1 and FUS (Boeynaems et al., 2017; Lee et al., 2016; Odeh
and Shorter, 2020; White et al., 2019). They also have this effect on transportin 1,
importin a3 and the importin a3/B1 complex. This leads to reduced solubility and
enhanced condensation of these import receptors. Transportin 1 also shows
decreased recovery after photobleaching upon poly-GR treatment indicating reduced
mobility (Hutten et al., 2020). These changes might further interfere with the
interaction of import receptors with their cargo and with FG nucleoporins. Restricted
mobility might also impede transport receptor translocation through the nuclear pore.
Interaction of poly-PR with Nup54 and Nup98 FG domains might stabilise these in a
more rigid polymeric state compared to a monomeric state (Shi et al., 2017). The
higher rigidity might favour passive translocation of small molecules through the
nuclear pore as the meshwork is less flexible constantly allowing for the passage of
small molecules. Melting of this meshwork by transport receptors might be impaired,
however. A different study has created synthetic FG hydrogels modelling those
within the nuclear pore. Poly-GR and -PR have shown strong binding to these
hydrogels. Furthermore, binding of poly-PR to the FG hydrogel has inhibited binding
of importin B1 to the FG hydrogel. In addition, the poly-PR-FG hydrogel interaction
has rendered importin 31 more immobile not allowing for translocation through the
gel (Friedman et al., 2022). These findings indicate that poly-GR and -PR can also
bind FG nucleoporins when in a hydrogel state and that this binding interferes with
importin B1 binding to FG domains. This is likely to counteract active translocation
through the nuclear pore but might also enhance passive diffusion as discussed
above. The interaction of poly-GR/PR with FG nucleoporins might also interfere with
FG-FG domain binding weakening the permeability barrier of the nuclear pore which

might lead to enhanced passive diffusion.

7.2.4 Impact of poly-GR and -PR on nucleocytoplasmic transport of TDP43

Nuclear import of reporter cargo containing full length TDP43 has been shown to be
reduced upon poly-GR treatment in cells (Hutten et al., 2020). TDP43 is imported by
the importin a/f complex (Nishimura et al., 2010). Poly-GR interaction with this
complex likely interferes with FG nucleoporin binding of the importin complex and
might also lead to aberrant liquid-liquid phase separation of these importins as

discussed in sections 7.2.1 and 7.2.3. TDP43 likely exits the nucleus via passive
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diffusion (Archbold et al., 2018; Ederle et al., 2018; Pinarbasi et al., 2018). | have
found that the passive nuclear export of TDP43 is increased upon poly-GR or -PR
treatment. This is likely mediated by poly-GR/PR interaction with nucleoporins and
potentially transport receptors changing the characteristics of the nuclear pore’s
permeability barrier as discussed in sections 7.2.1, 7.2.2 and 7.2.3. Thus, TDP43 is
exported from the nucleus at increased levels in the presence of arginine containing
DPRs compared to physiological conditions but is also re-imported into the nucleus
at reduced levels. This likely results in the cytoplasmic mislocalisation of TDP43
which is the pathology hallmark of COORF72 ALS/FTD (Mackenzie and Neumann,
2016). Poly-GR and -PR promote aberrant phase separation of TDP43 leading to its
condensation and reducing its solubility (Cook et al., 2020; Hutten et al., 2020) which
might contribute to aggregation of mislocalised cytoplasmic TDP43. It might also
reduce TDP43 interaction with RNA in the nucleus possibly making it more prone to
be exported from the nucleus. Thus, impairment of nucleocytoplasmic transport of
TDP43 by poly-GR and -PR likely contributes to TDP43’s cytoplasmic mislocalisation
and aggregation in COORF72 ALS/FTD.

In summary, arginine containing C9ORF72 DPRs inhibit active and enhance passive
nucleocytoplasmic transport, but these effects are likely linked and caused by the

same mechanisms possibly simultaneously.

7.3 Further factors involved in nucleocytoplasmic transport defects
Nucleocytoplasmic transport dysfunction is a common phenomenon in cells exposed
to stressors. In this discussion section it will be discussed in the context of
neurodegeneration outside of C9ORF72 ALS/FTD, ageing and cellar stress such as

oxidative stress.

7.3.1 Nucleocytoplasmic transport defects in neurodegeneration

Alzheimer’s disease (AD) and FTLD-tau

Both of these diseases constitute a form of dementia and share the pathological
characteristic of cytoplasmic accumulations of phosphorylated tau known as
neurofibrillary tangles (Deture and Dickson, 2019; Mackenzie and Neumann, 2016).
In early electron microscopy studies of AD patient frontal lobes, these neurofibrillary

tangles have been shown to associate with the nuclear lamina and with nuclear
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pores (Metuzals et al., 1988). This raises the possibility that these tangles interfere
with nucleocytoplasmic transport. Indeed, Ran transport receptor NTF2 accumulates
in the cytoplasm of AD patient hippocampus. However, this is observed both in
neurons containing neurofibrillary tangles and in neurons without them (Sheffield et
al., 2006). Importin a1 also mislocalises to the cytoplasm in AD hippocampus but this
similarly does not correlate with neurofibrillary tangles (H. gon Lee et al., 2006). On
the other hand, NUP62 and NUP98 are detected within perinuclear tau aggregates in
AD patient brain and in the hippocampus of an FTD-tau mouse model. NUP98 and
recombinant human phospho-tau directly interact in in vitro experiments which could
mediate this co-aggregation. In fact, NUP98 induces tau aggregation in vitro
(Eftekharzadeh et al., 2018). In addition to nucleoporin mislocalisation, a reduction in
nuclear Ran levels is detected in AD patient and FTD-tau mouse model
hippocampus. This decrease in the nuclear cytoplasmic ratio of Ran can be induced
in primary neurons by addition of phosphorylated tau isolated from AD brain. This
treatment also reduces active nuclear import of reporter cargo in these cells in live
experiments (Eftekharzadeh et al., 2018). This indicates that the Ran deficit might
impair active nucleocytoplasmic transport and is directly caused by pathological tau.
In line with this, repression of pathological tau expression restores the Ran gradient
in an FTD-tau mouse model. Furthermore, knockdown of Nup98 in the primary
neuron model treated with pathological tau also normalises the Ran gradient
(Eftekharzadeh et al., 2018). This suggests that NUP98 aggregates cause
nucleocytoplasmic transport defects via toxic gain of function. In summary,
pathological tau seems to be the mediator of nucleocytoplasmic transport

impairments in AD and FTLD-tau.

Huntington’s disease (HD)

Huntington’s disease is an inherited neurodegenerative disease characterised by
motor dysfunction, cognitive decline and psychiatric symptoms. This is mediated by
degeneration in the striatum and basal ganglia. The cause of HD is a CAG repeat
expansion in the Huntingtin gene which leads to the production of a Huntingtin (HTT)
protein with an N-terminal poly-glutamine (polyQ) expansion which is prone to
aggregation (McColgan and Tabrizi, 2018; Ross and Tabrizi, 2011).

PolyQ aggregates in cells have been shown to contain NUP62 in a proteomics study

indicating that a polyQ tract might lead to mislocalisation of nucleoporins (Suhr et al.,
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2001). Indeed, in HD mouse models nucleoporins NUP62, NUP88 and GLE1 as well
as RANGAPL1 are found in mutant HTT inclusions. NUP62 and RANGAP1 are also
mislocalised in cortex and striatum of HD patients (Gasset-Rosa et al., 2017; Grima
et al., 2017) and in HD patient iPSC-derived neurons (Grima et al., 2017). In
addition, an HD mouse model shows increased levels of nuclear mMRNA compared to
controls (Gasset-Rosa et al., 2017) indicating an mRNA export defect. A reporter
cargo shows enhanced cytoplasmic localisation in HD iPSC-derived neurons
compared to controls indicative of reduced active nuclear import. This is also
accompanied by a reduction in the nuclear cytoplasmic ratio of Ran. These deficits
also occur in primary neurons expressing mutant HTT (Grima et al., 2017) which
suggests that they are mediated by mutant HTT. Nucleoporin, Ran and RANGAP1
mislocalisation in HD, therefore, seems to cause impaired nucleocytoplasmic
transport. Further contributors to these deficits might be the identification of
RANGAP1 and RNA export factor RAE 1 as interaction partners of mutant HTT, and
not physiological HTT, in a mass spectrometry screen (Hosp et al., 2015). In
addition, non-mutant HTT binds to nuclear basket nucleoporin TPR (Cornett et al.,
2005) which is important for protein and mRNA export (see also section 1.4.4). This
interaction is lost with mutant HTT as shown in an HD mouse model (Havel et al.,
2011) which might lead to reduced mRNA export and nuclear accumulation of
mutant HTT. These studies clearly show that nucleocytoplasmic transport deficits are
a part of HD pathology. Overall, these deficits are a common theme across
neurodegeneration suggesting that neurons might be particularly susceptible to

these.

7.3.2 Impairments of nucleocytoplasmic transport in physiological ageing

In differentiated non-dividing cells (such as neurons) nuclear pores are highly stable
complexes (D’Angelo et al., 2009; Savas et al., 2012; Toyama et al., 2013) with
some nucleoporins only being exchanged in the time frame of months or years
(Toyama et al., 2019). This means that any damage to nuclear pores can easily
accumulate over time and makes ageing a risk factor for this damage (D’Angelo et
al., 2009). Nuclear pore composition does change with age in rat brains and C.
elegans myotubes (D’Angelo et al., 2009; Savas et al., 2012; Toyama et al., 2013)

which might influence nuclear pore function. In the ageing rat dentate gyrus nuclear
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pores are lost (Fifkova et al., 1987) while nuclear pore numbers are not changed in
the ageing rat hippocampus (Topple et al., 1990). This suggests that there might be
regional vulnerability for age related nuclear pore function impairments. Nuclei
isolated from brains of ageing rats or mice more frequently allow for the entry of 70
kDa dextran, which exceeds the size limit of the permeability barrier of the nuclear
pore, than nuclei from younger animals (D’Angelo et al., 2009; Gillon et al., 2020).
Cytoplasmic proteins also mislocalise to the nucleus in aged nuclei (D’Angelo et al.,
2009). This suggests that the permeability barrier becomes less restrictive with age
which might compromise nuclear integrity and function. FG nucleoporin staining is
reduced in leaky nuclei compared to restrictive nuclei (D’Angelo et al., 2009) which
might increase permeability of the nuclear pore. Expression of transport receptors
including CAS, importin a2, RanBP1 and RanBP17 is reduced in human neurons or
fibroblasts upon ageing (Mertens et al., 2015; Pujol et al., 2002). In line with this,
reporter cargo transported by importin o/ shows less nuclear localisation upon
export inhibition in old fibroblasts compared to young ones (Pujol et al., 2002). This
suggests that reduced expression of import receptors correlates with decreased
nuclear import rates which might further affect nuclear composition and function. As
ageing is a risk factor for neurodegeneration age related nucleocytoplasmic defects

might be exacerbated in neurodegenerative disorders (Coyne and Rothstein, 2022).

7.3.3 Cellular stress related nucleocytoplasmic transport dysfunction

As introduced in section 1.3.3 cellular stress mediated translation arrest leads to the
formation of cytoplasmic stress granules. These contain untranslated
ribonucleoprotein complexes and other proteins involved in stress granule formation.
Several transport factors have been found to localise to stress granules in human
cell lines upon oxidative stress, heat shock or hyperosmosis. These include transport
receptors importins a1 and 1, transportin 1 and exportin 1, Ran, and nucleoporins
POM121, NUP205, NUP50 and NUP88 (Chang and Tarn, 2009; Fujimura et al.,
2010; Jain et al., 2016; Kodiha et al., 2008, 2004; Mahboubi et al., 2013; Markmiller
et al., 2018; Vanneste et al., 2022; K. Zhang et al., 2018). This can also be
accompanied by a disruption of the Ran gradient or the nuclear retention of importins
(Kodiha et al., 2008, 2004; Miyamoto et al., 2004; K. Zhang et al., 2018). These

mislocalisations likely cause nucleocytoplasmic transport defects as importin a/
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mediated nuclear import and exportin 1 mediated nuclear export are reduced upon
cellular stress (Crampton et al., 2009; Kodiha et al., 2008, 2004; Vanneste et al.,
2022; K. Zhang et al., 2018). Localisation of transport factors to stress granules
might also be protective, however. Transportin 1 localisation to stress granules
supports the cellular stress response (Chang and Tarn, 2009). In addition, importin
a1 localisation to stress granules improves cellular survival (Fujimura et al., 2010).
On the other hand, inhibition of stress granule formation restores the Ran gradient
and importin a/f mediated nuclear import in a human cell line (K. Zhang et al., 2018).
However, a different study shows that repression of stress granule formation does
not rescue importin a/B mediated nuclear import in a human cell line (Vanneste et
al., 2022). The differing results between the two studies are surprising because both
used very similar approaches to inhibit stress granule formation. Potentially, the
effects are cell line or cargo dependent but even though different fluorescent proteins
were used for the reporter cargo the NLS was the same. In any case, cellular stress
(possibly via the formation of stress granules) can cause nucleocytoplasmic
transport defects. Interestingly, nucleoporins from “leaky” nuclei of ageing rat brains
show signs of oxidative damage (D’Angelo et al., 2009) linking age related and
cellular stress related nucleocytoplasmic transport defects. Stress granules formed
upon expression of poly-GR or -PR in human cell lines have been shown to contain
Ran or NUP62 (Gleixner et al., 2022; K. Zhang et al., 2018). Inhibition of stress
granule formation restores the Ran gradient in COORF72 ALS iPSC-derived neurons
and rescues a neurodegenerative eye phenotype in a Drosophila model expressing
the COORF72 repeat expansion (K. Zhang et al., 2018). Thus, C9ORF72 ALS/FTD
nucleocytoplasmic transport defects might therefore be partly mediated via stress
granules.

In summary, nucleocytoplasmic transport impairments occur upon several cellular
insults such as neurodegeneration, ageing and cellular stress. Mechanisms leading
to these impairments can be shared and linked defects might be exacerbated if
several insults occur simultaneously such as neurodegeneration coupled with

general ageing phenotypes.
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7.4 Therapeutics targeting nucleocytoplasmic transport

The current main strategy for future C9ORF72 ALS/FTD treatment is the usage of
antisense oligonucleotides (ASOs). These target sequences adjacent to the
GGGGCC repeat in the C90RF72 pre-mRNA. This leads to the degradation of
repetitive RNA while maintaining physiological C9ORF72 protein levels. A phase
1a/2b clinical trial testing an ASO compound (FOCUS-C9) is currently under way
(ClinicalTrials.gov Identifier: NCT04931862). Biogen has recently completed a phase
1 trial of a different ASO agent in C9ORF72 ALS patients (ClinicalTrials.gov
Identifier: NCT03626012). However, Biogen has stated that no clinical benefit could
be detected (Press release by Biogen, 2022). As the development of different
ALS/FTD therapeutics is still required therapeutic strategies in the context of

nucleocytoplasmic transport are discussed here.

7.4.1 Nuclear export inhibitors

Several compounds inhibiting exportin 1 mediated nuclear export have been
described as anticancer agents (Kosyna and Depping, 2018). They might also have
potential for the treatment of ALS. The exportin 1 inhibitor KPT 335 rescues aberrant
nuclear morphology in primary cortical neurons overexpressing ALS mutant TDP43
or the C terminal fragment of TDP43 often present in TDP43 aggregates. It also
increases the cell viability of these cells. Furthermore, motor deficits in Drosophila
larvae expressing ALS mutant TDP43 are ameliorated by KPT 335 and another
exportin 1 inhibitor KPT 276 (Chou et al., 2018). In primary motor neurons
expressing ALS mutant PFN1 KPT 276 rescues cytoplasmic mislocalisation of
TDP43 and axonal growth defects (Giampetruzzi et al., 2019). Furthermore, KPT
276 reduces nuclear import defects in salivary gland cells of Drosophila larvae
expressing C9ORF72 repeat. In addition, it alleviates neurodegeneration in the eye
of a Drosophila model expressing the COORF72 repeat expansion (Zhang et al.,
2015). Therefore, inhibition of exportin 1 might be beneficial in different types of ALS.
A phase 1 clinical trial of oral exportin KPT 350 (BIIB100) in ALS patients has been
completed by Biogen (ClinicalTrials.gov Identifier: NCT03945279). However, Biogen
has recently announced the termination of a development agreement with

Karyopharm (Alzforum, 2022) suggesting a negative outcome.
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7.4.2 Inhibition of C90ORF72 repeat RNA export

In addition to targeted degradation of COORF72 repeat RNA, another potential
therapeutic strategy is to inhibit the nuclear export of COORF72 repeat RNA. A study
has found that nuclear export of COORF72 repeat RNA is dependent on
serine/arginine- rich splicing factor 1 (SRSF1) in a mouse neuroblastoma cell line
expressing sense or antisense repeats and in COORF72 ALS induced motor
neurons. SRSF1 mediates C9ORF72 repeat RNA export by interaction with the RNA
export NXF1 complex which translocates through the nuclear pore (see also 1.4.4).
Partial knockdown of SRSF1 reduces C90ORF72 repeat containing RNA export, but
not export of RNA where the repeat has been spliced out, in a mouse neuroblastoma
cell line expressing CO9ORF72 repeats and in COORF72 ALS induced motor neurons.
Depletion of SRSF1 further leads to a reduction of poly-GP and -GA levels in a
mouse neuroblastoma cell line expressing sense or antisense repeats and of poly-
GP in C90RF72 motor neurons and in Drosophila expressing COORF72 repeats.
Levels of other DPR species have not been assessed in this study. Partial SRSF1
knockdown has been found to be neuroprotective. It enhances survival of COORF72
induced neurons co-cultured with C9ORF72 induced astrocytes. Furthermore,
knockdown of Srsfl in Drosophila expressing COORF72 repeats ameliorates motor
impairments and eye neurodegeneration (Hautbergue et al., 2017). Additionally,
partial SRSF1 knockdown in C9ORF72 ALS induced motor neurons changes their
transcriptome signature. Expression of 90 transcripts, whose expression has been
increased or decreased compared to control induced motor neurons, is reverted
back (or near) to physiological levels by SRSF1 depletion in C9ORF72 neurons
(Castelli et al., 2021). This suggests that SRSF1 knockdown interferes directly and
indirectly with C9ORF72 toxicity. Interestingly, reduction in DPR levels seems to be
sufficient for the neuroprotective effects mediated by SRSF1 depletion as cells still
display nuclear C9ORF72 RNA foci (Hautbergue et al., 2017).

7.4.3 Use of import receptors as therapeutics

Import receptors have been shown to not only interact with cargo for translocation
through the nuclear pore but to also act as chaperones and disaggregases for them
(Odeh et al., 2022). For instance, transportin 1 can inhibit and reverse fibrillisation of
its import cargo FUS and ALS related FUS mutants in vitro (Guo et al., 2018).
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Transportin 1 also impedes and reverts liquid-liquid phase separation of FUS which
possibly functions as an early prevention of FUS aggregation in vitro and in cells
(Guo et al., 2018; Hofweber et al., 2018; Nanaura et al., 2021; Qamar et al., 2018;
Yoshizawa et al., 2018). This is probably achieved by transportin 1 not only
interacting with the NLS of FUS but also with other regions mediating phase
separation (Yoshizawa et al., 2018). TDP43'’s import receptor complex importin a/31
also inhibits and reverses its condensation and fibrillisation in vitro including TDP43
ALS mutants (Guo et al., 2018; Hutten et al., 2020).

As arginine containing DPRs interact with several import receptors and impede their
function as discussed in section 7.2.1 it might be possible that import receptors can
convey their chaperone function on these DPRs. Arginine containing DPRs can
themselves undergo liquid-liquid phase separation (Solomon et al., 2021). Importin
B1 and transportin 1 but not importin a3 inhibit RNA mediated poly-GR condensation
in vitro when GR and import receptor levels are equimolar. When poly-GR is in
excess relative to import receptor levels it promotes their condensation and inhibits
nuclear import of TDP43 (Hutten et al., 2020). Similarly, poly-PR does not interfere
with inhibition of FUS condensation by transportin 1 when at equimolar levels with
transportin 1. However, poly-PR does repress the chaperone function of transportin
1 for FUS when at a higher concentration than transportin 1 (Nanaura et al., 2021).
The increase of TDP43 condensation and insolubility by poly-GR can also be
inhibited by equimolar concentrations (relative to GR) of importin 1, transportin 1
and importin a3/B1 but not by importin a3 alone (Hutten et al., 2020). At elevated
levels import receptors can thereby shield arginine containing DPRs from damaging
interactions. As import receptors are reduced or present in inclusions in CO9ORF72
ALS/FTD raising their cellular levels might be therapeutic (Pasha et al., 2021).
Compounds acting at several levels to enhance import receptor could be developed.
They could trigger RanGTP-importin disassembly in the nucleus to promote importin
turnover or directly increase import receptor activity. Agents raising the affinity of
import receptors towards their cargo or cargo of therapeutic interest might also be
beneficial. Increasing import receptor expression via small molecules or gene
therapy could also be a therapeutic strategy. It remains to be seen whether any of
these approaches will prove beneficial in ALS/FTD or other neurodegenerative

diseases. However, as nucleocytoplasmic transport defects likely contribute to
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toxicity in (COORF72) ALS/FTD and neurodegeneration in general, targeting this

indispensable cellular pathway could have therapeutic potential.

7.5 Conclusion

Nucleocytoplasmic transport is dysregulated in COORF72 ALS/FTD. Active
nucleocytoplasmic transport is inhibited while passive nucleocytoplasmic transport is
increased as | have shown in this thesis. Arginine containing C9ORF72 dipeptide
repeats can mediate this enhancement of passive nucleocytoplasmic transport likely
by interfering with the localisation and/or function of a variety transport factors
including FG nucleoporins and transport receptors. The increase of passive nuclear
export of TDP43 by poly-GR and -PR could be the cause of its cytoplasmic
mislocalisation in conjunction with its impaired nuclear import in COORF72 ALS/FTD.
This suggests a direct contribution of enhanced passive nucleocytoplasmic transport
to disease pathology. A less restrictive permeability barrier of the nuclear pore could
also lead to general mislocalisation of nuclear proteins to the cytoplasm and vice
versa affecting nuclear and cytoplasmic function and integrity. This might also be
involved in CO9ORF72 toxicity. Targeting nucleocytoplasmic transport defects could
therefore have therapeutic potential, possibly including the re-establishment of

physiological passive nucleocytoplasmic transport rates.
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